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In 2004, mono-layer carbon material, i.e. graphene, was discovered and prepared 
by Geim and Novoselov using a scotch tape method. Sourcing from one of the most 
bountiful natural materials (carbon) and emerging as a single layer atom-thick film 
arranged in a honeycomb lattice, graphene presents exceptional surface area, high 
carrier mobility, excellent electrical, optoelectronic and mechanical properties. 
Graphene and its derivatives, in 2D form, have already found applications in many 
research fields, namely: energy storage, environmental protection, flexible 
electronics and tissue engineering. Especially in tissue engineering, 2D graphene-
based materials have already found applications in the reconstruction of bone, 
cartilage, neural, cardiac, skin and several other tissues/organs. The extraordinary 
performance of 2D graphene-based materials in tissue engineering originates from 
their capability in resembling in vivo extracellular matrix (ECM), which is essential 
to direct cell performance towards amending damaged body parts. From a clinical 
standpoint, it is essential that these materials are produced using non-toxic and non-
hazardous methods and have predictable properties and reliable performance under 
variable physiological conditions, especially when used with a cellular component. 
In addition, transition from a 2D structure to 3D systems empowers graphene for 
many new applications, as the 3D graphene-based structures (3DGBSs) not only 
possess intrinsic graphene properties, but also higher surface to volume ratio, more 
conducive to decoration, abundant embedded binding sites and other remarkable 
interfacial properties. Especially, 3DGBSs with large surface area, micro-
pores/channels, biocompatibility, appropriate mechanical property and good 
electrical conductivity, are emerging as platforms for tissue engineering and other 
bionic areas, including in vivo human tissue regeneration. In addition, previous 
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studies have shown that cell activity can be enhanced by 3D graphene scaffolds 
through improved cell adhesion, interaction, migration, proliferation and 
differentiation.  
A variety of 2D/3D graphene-based structures have been systematically developed 
and investigated towards stem cell support in the work described herein. RGO 
coating on 3D porous polydimethylsiloxane (PDMS) can improve its 
biocompatibility and the obtained 3D RGO/PDMS scaffold showed potential 
application towards improved osseointegration. In addition, transformation from a 
2D graphene-based structure to 3D graphene-based scaffold was also investigated. 
Initially, 2D graphene-cellulose (G-C) paper was prepared using commercially 
available cellulose tissue paper as a substrate that was coated by immersion-
deposition with graphene oxide (GO), followed by reduction to reduced graphene 
oxide (RGO). G-C papers were configured to 3D constructs by lamination with 
alginate and further modified by folding and rolling for 3D “origami-inspired” 
scaffolds. Fabrication procedures of these 3DGBSs have limited controllability 
over scaffold inner structure and property. Therefore, a 3D printing technique was 
utilized whereby 3D alginate (Alg) based scaffolds with tunable pore size and inner 
structure were printed and coated with graphene oxide (GO), followed by reduction 
to obtain electrically conductive 3D RGO/Alg scaffold. Each 3DGBS variant was 
applied for adipose-derived stem cell (ADSC) support and osteogenic 
differentiation. The 3D scaffolds may be useful for in vitro modelling of human 
bone development and regeneration, including ossification and mineralisation, with 
cell culture emulating cell behaviour and function within natural tissue. 
Furthermore, G-C paper and 3D RGO/Alg have also been incorporated into 2D and 
3D electrical stimulation (ES) devices to investigate the influence of ES on stem 
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cell proliferation and differentiation. ES effects on osteoinduction may shed light 
on the use of ES for treating bone injury and disease. 
In conclusion, the graphene-based 2D and 3D structures described in this thesis 
may be useful platforms for human tissue engineering and modelling, as well as 
devices for regenerative medicine. 
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1.1   Thesis motivation 
Replication and restoration of tissues/organs via modern tissue engineering techniques 
promise to mitigate the global health crisis due to insufficient tissue/organ donation, 
compounded by an aging population and need to treat newly discovered or incurable 
diseases and disabilities. Specific physicochemical properties of biomaterials such as 3D 
graphene-based structure (3DGBSs) combined with novel approaches to their 
application place them centre stage as next-generation medical devices for regenerative 
medicine. However, there are many limitations in regard to current 3DGBSs towards 
tissue engineering application, such as poor scaffold mechanical property and time 
consuming and costly fabrication. In this thesis, the development of several efficient 
strategies is described for fabrication of robust, biocompatible graphene-based 
structures, extending to 3D scaffolds. In this thesis, the research aim was to efficiently 
fabricate robust, biocompatible graphene-based structures, extending to 3D scaffolds and 
apply these structures for bone tissue engineering with or without electrical stimulation. 
Each structure has been characterized for mechanical and physical properties and where 
relevant electrochemical properties, as well as tested for biocompatibility for human stem 
cell support and osteoinduction. Finally, electrical stimulation (ES) of stem cells via the 
conductive scaffolds is described, as a potentially useful treatment of stem cells for 
advanced tissue engineering and regenerative medicine application. 
 
1.2   Property and synthesis of graphene 
In 2004, mono-layer carbon material, i.e. graphene, was discovered and prepared by 






graphene shows exceptional surface to volume ratio, high carrier mobility (2 × 105 cm2 
V-1 s-1), and good electrical (~2.02 × 102 S cm-1), optoelectronic (~97 %) and mechanical 
(130 GPa) properties (Figure 1-1) [3], paving the way towards a post-silicon era [4, 5]. 
The exceptional electronic properties of graphene are due to its special crystal lattice 
structure, whereby bonding between each carbon atom is hybridized sp2 with additional 
π orbitals [6]. There are two π orbitals in each unit cell of graphene, which is dispersed 
to form two π bonds: both of which could be considered as bonding and anti-bonding in 
nature. These unique properties make pristine graphene a mixture of gapless metal and 
semiconductor [7]. 
Figure 1-1 Structure and properties of graphene. 
 
As a soft layered structure, graphene can be decorated with hydroxyl, epoxide, and 
carboxyl groups on the edge and basal plane through oxidization, rendering graphene 
oxide (GO). Graphene is hydrophobic and inclined to aggregate, whereas GO is 
hydrophilic and well dispersible in various solutions, including water. These 
characteristics make GO easy to process and possess high affinity to biomolecules. In 
order to expand the bionic applications of graphene and its derivatives, a more detailed 






derivatives have proven to be cytocompatible in vitro and in vivo [8]. However, the 
physico-chemical properties of the 2D materials, including structure shape, size, surface 
functionality, concentration and aggregation state, have a major influence on 
cytocompatibility [9]. Flat 2D graphene materials are considered less toxic than tubular 
forms (e.g. single-walled carbon nanotubes (SWCNT)), with cell membrane integrity 
being retained at up to a 1000 fold higher graphene concentration compared with 
SWCNT, in part due to their softer nature [10]. In addition, it has been demonstrated that 
penetration of cell membranes is dominated by the graphene edge shape, and so graphene 
with sharp edge features is more likely to damage the cell membrane [11]. Nanoscale 
graphene materials, especially in 10-100 nm size, can induce cytotoxicity, inflammation 
and even genotoxicity when they are translocated into cells and cell nuclei with less steric 
hindrance compared to larger sized graphene materials [12, 13]. Besides the intrinsic 
physical properties, the concentration and aggregation state of graphene also affect 
cytocompatibility, with diluted and less aggregated graphene solutions being more 
compatible [10, 12]. Surface chemistry of graphene can also affect its interaction with 
cells by modulation of hydrophilicity and hydrophobicity, which subsequently affects 
aggregation. Nanoscale graphene decorated with more oxygen containing groups is more 
easily internalized by cells, while the influence on the perturbation of the cell membrane 
becomes more irregular [14]. Although there are generalised effects of graphene on cells, 
cell specific effects should also be considered, e.g. different endocytic pathways of GO 
nanosheets are observed with osteoblasts, macrophages and hepatocytes [15].   
Structural defects in graphene layers, such as vacancies, adatoms and substitutional 
impurities, introduced during preparation have significant influence on graphene 
properties [16]. Epitaxial growth [17], chemical vapour deposition (CVD) [18], 






methods for graphene preparation. Graphene synthesized by epitaxial growth and CVD 
methods shows superior physicochemical properties and controllability over quality due 
to continuous bottom-up synthesis procedure [20], but the fabrication process is 
complicated requiring expensive specialised equipment and raw materials [21]. 
Micromechanical exfoliation can produce multi-layer, bi-layer and single layer graphene 
with less defects on the sheet, but this method is hard to scale and layer size is small [22]. 
Chemical synthesis of graphene is currently the most widely used and processable 
method for graphene preparation. This approach is more easily scaled than the other three 
methods, although graphene obtained by the other methods shows fewer defects and 
better controllability over graphene shape and azimuthal orientation [23]. For the 
chemical synthesis method, graphene is prepared through exfoliation and oxidation of 
graphite with additional chemical/thermal reduction treatment [24, 25]. Typically, strong 
acid and oxidizing agents are employed for graphite expansion and oxidization, with 
further exfoliation of oxidized graphite to GO by mechanical treatment. The obtained 
GO can be reduced to reduced graphene oxide (RGO) via various techniques, such as: 
microwave, thermal annealing, and chemical reduction et.al [26]. Processability of the 
solution phase, without the need for expensive facilities enable production of large 
quantities, making graphene more accessible in industry. However, the defects and non-
uniform morphology of graphene made by chemical synthesis are possibly due strong 
acid oxidation during the oxidization procedure and exfoliation during the 
ultrasonication process [25]. 
Graphene and its derivatives, as 2D materials, have found applications in many research 
fields, namely: energy storage [27], drug delivery [28] and tissue regeneration [29]. 
Transition from 2D structures to 3D provides new opportunities for graphene containing 






structures has been shown to exhibit significant advantages over 2D [30], because the 
3DGBS systems not only possess intrinsic graphene properties, but also have high 
surface to volume ratio, larger surface area for decoration, abundant embedded binding 
sites and many other remarkable properties. Especially, 3DGBSs with large surface area, 
micro-pores/channels, improved biocompatibility, mechanical properties and electrical 
conductivity, are emerging as better platforms for tissue engineering and other bionic 
applications. In addition, cell activity can be enhanced by using 3D structures through 
enhanced cell adhesion, interaction, migration, proliferation and differentiation [28, 31]. 
In this chapter, various fabrication methods of 3DGBSs and applications of 3DGBSs 
towards different tissue engineering fields are summarized and discussed. Firstly, 
different preparation strategies of 3DGBS and their properties are presented, followed 
by brief comparison between each strategy. Secondly, recent advances of 3DGBS in 
different field of tissue engineering are reviewed. Thirdly, biosafety and biodegradability 
issues of 3DGBS are discussed, and future perspectives provided at the end of the 
chapter. 
 
1.3   Application of 3D graphene-based structures towards tissue engineering 
Tissue engineering represents an advanced tool for treating and reconstructing defective 
tissues/organs using, for example, biomimetic scaffolds, while traditional therapy 
strategies have limitations, such as matchable donor shortage and post-transplant 
immune monitoring. Tissue engineering scaffolds are required to be biocompatible and 
present various cues to guide cell proliferation or differentiation towards diverse lineages 
both in vitro and in vivo. 3DGBSs with abundant embedded cell attachment/binding sites, 







2D graphene-based structures have already been extensively investigated by researchers 
towards tissue engineering, specifically in cardiac, neuronal, bone, skin, adipose and 
cartilage regenerations [28]. Structural components in human body, from macroscopic 
tissue/organ to nanoscale DNA/protein, are all explicitly shaped in three dimensions. 
Therefore a 3DGBS better mimics extracellular matrix (ECM), not only because it more 
closely resembles the architecture of in vivo counterparts, but also for its conductivity of 
bioelectrical signals, interconnected channels, appropriate morphologies and inherent 
cell differentiation guiding cues. All these properties can increase the chance of 
successfully implementing cells in various clinical applications towards disease therapy 
and tissue/organ reconstruction. Compared with traditional biomaterial-based scaffolds, 
the electrical conductivity of 3DGBSs is especially important in various tissue 
engineering applications due to the positive effect of in-situ ES on coupling of implanted 
cells with host surrounding tissues [32]. Furthermore, 3DGBSs have exhibited anti-
inflammatory behaviour by their unique surface topographical features while supporting 
microglial cell growth which has not been observed in 2D corresponding structures [33]. 
 
1.3.1   Bone tissue engineering 
As a highly dynamic and vascularized tissue, bone undergoes lifelong reshaping in the 
human body and is responsible for pressure bearing, mobility support and internal organ 
protection [34]. There is a high demand for functional bone implants due to limited 
supply and infectious disease transmission risk in traditional autograft or allograft 
processes. Nowadays, bone is currently the second most frequently transplanted human 
body tissue (2.2 million cases per year), following blood [35]. Fortunately, tissue-
engineered bone can serve as an effective alternative to the unmet demand of bone grafts 






material with beneficial physicochemical properties, is capable of supporting stem cell 
growth and osteogenic differentiation without additional inducers [37]. Additionally, 
graphene can adsorb dexamethasone and β-glycerolphosphate via π- π stacking, which 
are widely used osteogenic inducers, to condense their concentration on the surface [38]. 
Differentiation of bone marrow derived mesenchymal stem cells (MSCs) can be 
accelerated towards osteogenesis by this effect [38]. 3DGBS fabricated by the CVD 
method can upregulate bone-related genes (MHY10 and MHY10-V2) and proteins 
expression (COL I, RUNX2, OCN) [39]. Applications of 3DGBS towards bone tissue 






Table 1-1 Applications of 3DGBS towards bone tissue engineering 
Scaffold composition Fabrication method Cell source Effect Reference 
Poly-caprolactone 
(PCL)/Graphene 
3D printing Human adipose-derived 
stem cells (ADSCs) 
Non-cytotoxic with enhanced cell 
viability/proliferation 
[40] 
PCL/Graphene 3D printing MC3T3 osteoblast and  
THP-1 human monocytic 
cells 
Low inflammatory and immune response; 
Enhancement of bone regeneration; 
Feasible for further enhancement of bone 























CVD/Spin coating (template 
assembly) 
 Enhancement of formation for calcium 
phosphate (Ca-P) 
[35] 
Graphene CVD (template assembly) Human bone marrow-
derived mesenchymal stem 
cells (hMSCs) 
Promoted osteogenic differentiation [44] 
Graphene CVD (template assembly) Periodontal ligament stem 
cells (PDLSCs) 














Fibroblast cells (L-929) Excellent cytocompatibility [46] 
HA/RGO/Chitosan (CHI) Hydrothemal (self-
assembly) 
Rabbit bone mesenchymal 
stem cell (rBMSCs) 











mesenchymal stromal cells 
(mMSCs) 









Good bone bonding ability and improved 
biocompatibility with proliferation 
upregulation. 
[49] 
GO/CHI Freeze drying (self-
assembly) 
Murine preosteoblasts cell 
line MC3T3-E1 
Improved bioactivity [50] 
GO/CHI Freeze drying (self-
assembly) 
Murine preosteoblast 3T3-
E1 cell line 
Facilitates osteoprogenitor cell 
differentiation 
[51] 
Starch/GO Freeze drying (self-
assembly) 












content graphene (LOG) 
nanoparticles 





Gas foaming (template 
assembly and self-assembly) 





Layer by layer and 
electrochemical deposition 
[template assembly and self 
(electrochemical) assembly] 
MC3T3-E1 osteoblast cell Upregulated cell proliferation [56] 
RGO/PPY/ 
Polydopamine (PDA)/Sr 
Layer by layer and 
immersion deposition 
(template assembly and self-
assembly) 
MC3T3-E1 osteoblast cell Significant enhancement of the early 
MC3T3-E1 cell adhesion, proliferation 







GO/CHI Directional freezing and 
freeze drying (template 
assembly) 
MC3T3-E1 cells Guidance of cell alignment and 




Dip coating (template 
assembly) 
rBMSCs Significantly promote in vivo bone 
formation and excellent photothermal 
effects towards bone tumor cell killing 
[59] 
Fe3O4/GO/β-TCP Dip coating (template 
assembly) 
rBMSCs Promotion of stem cell proliferation and 
bone-related gene expression. Effective 
killing of bone tumor cell under an 




rBMSCs Not inducing obvious inflammatory and 
necrosis. Promotion of bone defect 







Poly-caprolactone (PCL), as a widely used material in 3D printing, can be modified 
with a small amount of pristine graphene for improved hydrophilicity and 
biocompatibility compared with 3D printed pristine PCL [40] (Figure 1-2 A). The 
3D PCL/Graphene scaffolds showed improved cell support with NaOH treatment 
to further increase its hydrophilicity (Figure 1-2 B). The PCL/Graphene scaffold 
can be applied with micro electrical stimulation to further improve its capability 
towards supporting neo-bone tissue formation [41]. Likewise, Ma et. al introduced 
GO/ β-tricalcium phosphate (β-TCP) scaffold fabricated by coating GO onto the 
3D printed β-TCP scaffold, which not only significantly promoted in vivo bone 
formation, but also showed excellent photothermal effects towards bone tumor cell 
killing [59]. Additionally, the same research group has incorporated the GO/β-TCP 
scaffold with Fe3O4 nanoparticles, facilitating stem cell proliferation with released 
Fe ions while concomitantly being capable of magnetothermal therapy towards 
bone tumor [60]. These integrated fabrication strategies have taken advantage of 
3D printing over structure controllability, while avoiding the complications of 
graphene ink preparation. 
3D graphene foam fabricated by the CVD method with decoration of gelatin could 
support human bone marrow-derived mesenchymal stem cells (hMSCs) growth and 
osteogenic differentiation [44]. Li et.al. reported a 3D RGO/polydimethylsiloxane 
(PDMS) scaffold that was able to support stem cell growth and osteogenic 
differentiation without additional surface decoration, which may be due to better 
cell affinity from oxygen containing groups on the RGO surface [43]. In this 
research, graphene was coated onto 3D PDMS substrate, which was fabricated by 
a salt leaching method (Figure 1-2 C). Adipose-derived stem cells (ADSCs) 






the RGO/PDMS scaffold than on the 2D RGO structure or pristine 3D PDMS 
scaffold (Figure 1-2 D).  
Enrichment of 3D graphene scaffold with other molecules/polymers can also 
increase its capability towards stem cell osteogenic induction. Poly(vinylidene 
fluoride) (PVDF) and PCL, both widely used as bone tissue engineering materials, 
were integrated into 3DGBS by a spin-coating method [35]. After integration of 
PVDF and PCL, not only the flexibility and handleability of 3DGBS increased, but 
also calcium phosphate (Ca-P) compound formation and mineralization on the 
scaffold were enhanced due to the functional groups presented in the integrated 
polymers.  
Carrageenan (Car), as a linear polysaccharide with abundant sulfate groups on the 
backbone, has shown promise to mimic charged proteins in the ECM. After 
functionalization with carrageenan, 3D GO scaffold showed better affinity to 
calcium ions and enhanced ability to increase cell mineralization [45]. MC3T3-E1 
cells showed improved proliferation and osteogenesis on the 3D GO/Car composite 
than pristine GO scaffold. 
CHI is biocompatible, biodegradable and has been proven to be able to support 
osteoblast cell adhesion, proliferation and formation of mineral bone matrix [62]. 
A 3D CHI/GO scaffold was fabricated by the freeze-drying method, and GO was 
proven to play an important role in improving scaffold mechanical properties and 
pore formation capability. Meanwhile, cells behaved proportionally to the 
concentration of GO in the composite scaffolds [50] and showed potential for large 
bone defect reconstruction both in vivo and in vitro without the need of additional 
growth factors or cells [51]. In order to resemble bone lamellae structure, Liu et.al 






for bone tissue engineering [58]. Similar to CHI, agarose is also biodegradable and 
biocompatible. 3DGBS fabricated by agarose hydrogel doped with low oxygen 
content graphene (LOG) nanoparticles and embedded with hMSCs showed 
capability in increasing mineralization and active bone formation of hMSCs both 
in vitro and in vivo [54]. 
Although graphene hydrogel has great potential for being applied in tissue 
engineering, its poor mechanical strength has hindered its further application. 
Besides coating graphene on mechanically robust substrate [43] or integrating 
graphene with PVDF and PCL [35], incorporation of CHI and HA into 3DGBS can 
also overcome its fragile shortcoming and retain its porous property. Rabbit bone 
mesenchymal stem cell (rBMSCs) revealed good affinity and viability on the 
obtained 3D ternary composite [47]. 
HA is an inorganic component of bone and favoured by osteogenic cells, while 
incorporation with graphene could even enhance its inherent properties with low 
loading ratios [48, 49]. 3D RGO/Polypyrrole (PPY)/HA scaffold fabricated by 
using nickel foam as a substrate via electrostatic layer-by-layer assembly and 
mineralization strategies at room temperature showed superior performance in 
supporting cell proliferation compared with cells cultured merely in medium [56]. 
In this scaffold, RGO/PPY substrate not only provided 3D macro-/nano-
hierarchical binary structure, but also served as supporting architecture for HA 
deposition to achieve increased surface area and roughness for enhanced cell 
supporting capability. Besides, 3D RGO/PPY structure can also serve as substrate 
for dopamine polymerization and subsequent strontium (Sr) deposition, while the 
obtained 3D scaffold significantly improves cell early adhesion, proliferation and 






HA/graphene composite inks, and found the obtained hybrid 3D HA/graphene 
structures can support osteogenic gene upregulation of stem cells over two weeks 
[42]. 3D HA/graphene composite can also be fabricated without template through 
a hydrothermal procedure, during which HA nanoparticles are entrapped in the 
formed 3D graphene network simultaneously [48] (Figure 1-2 E). After the 
incorporation with HA, the scaffold showed better cell affinity compared with mere 
graphene scaffold (Figure 1-2 F). Su et al. also reported an efficient method to 
improve HA deposition on 3D graphene scaffold by pre-deposition of peptide 
nanosheets (PNSs) on the scaffold surface [46]. Nie et.al. reported 20% nano-HA 
decorated 3D RGO structure can promote bone defect healing in rabbit within 6 
weeks without obvious inflammatory and necrosis inducing [61]. 
Sr ions can enhance osteogenesis, similar to calcium, and inhibit osteoclast activity, 
so Kumar et.al. have fabricated Sr decorated 3DGBS with assistance of PCL in 
macroporous scaffold fabrication via a gas foaming method [55]. Addition of Sr in 
the scaffold can significantly enhance proliferation and differentiation of osteoblast 
cells compared with pristine PCL and PCL/RGO scaffolds.  
Bone morphogenic proteins (BMPs), as important regulators in differentiation and 
functionalization of bone and cartilage cells, produce serious side effects at large 
dosages, while the high price and its unstable nature also hinder their further 
application [63, 64]. In order to apply BMPs in a controllable and safe way, they 
were co-electrophoretically deposited with CHI onto 3DGBS precoated with a layer 
of poly(lactic-co-glycolic acid) (PLGA) [65]. The bilayer coated 3DGBS can 
release BMPs in an electro-responsive way and showed significantly increased 
mechanical properties without compromising its porous structure. 






with polymer chains like starch [52], poly(vinyl alcohol) [66], polysebacic 
anhydride [67] via esterification, resulting in more stable composites that have 
potential to be utilized towards 3D scaffold fabrication. 3DGBS can be obtained 
from covalently bonded starch/GO composite via a freeze drying method, and the 
GO component inside could induce HA mineralization [52].  
 
1.3.2   Cartilage tissue engineering 
Articular cartilage is susceptible to damage through trauma and has poor reparative 
capability, especially when the avascular structure inside limits its self-healing 
process [68]. Tissue engineering, especially using 3DGBS, shows promise to tackle 
these challenges in cartilage regeneration. Applications of 3DGBS towards 



















Figure 1-2 Typical 3DGBSs and their application for bone tissue engineering. (A) 
Cross-section SEM image of 3D graphene (0.78 wt. %) /PCL scaffold fabricated 
via 3D printing method with NaOH treatment [40].  (B) Confocal image of cells on 
the 3D printed graphene/PCL scaffold after 28 days culture [40]. (C) SEM image 
of 3D RGO/PDMS scaffold fabricated via template-based method [43]. (D) 
Fluorescence microscope image of cells cultured on 3D RGO/PDMS scaffold 
following 10 days culture [43]. (E) SEM image of 3D graphene scaffold with 
citrate-stabilized HA nanoparticles (RGO/HA scaffold) fabricated via self-
assembly method [48]. (F) Fluorescence microscope images of cells cultured on 3D 






Table 1-2 Applications of 3DGBS towards cartilage tissue engineering 
Scaffold composition Fabrication 
method 




3D printing hMSCs Promotion of glycosaminoglycan, 
collagen levels and chondrogenesis 
[69] 
Collagen/CHI/GO 3D printing Human 
chondrocytes 
Drug carrier and regulation of 
Rank/Rankl/OPG pathway 
[70] 
PCL/Graphene CVD and dip 
coating (template 
assembly) 
hMSCs Increased mechanical property to 
withstand loads from the de novo tissues 
and encourage secretion of aggrecan and 













cell line (NIH-3T3 
cell) 
Preferred biodegradability, enhanced cell 
attachment and proliferation 
[72] 
GO, porous GO and graphene Self-assembly MSCs Enhanced chondrogenic differentiation [73] 
GO Hanging-drop 
(self-assembly) 
ADSCs Accumulation of bioactive molecules and 












3T3 cells Enhanced chondral formation [75] 
GO/Alg  Crosslinking 
(self-assembly) 
NIH-3T3 Improvement of cell viability and 







GO doped gelatin methacrylate (GelMA)-poly(ethylene glycol) diacrylate 
(PEGDA) composition could be applied towards hierarchical structure fabrication 
via a 3D printing technique [69]. Several chondrogenesis associated genes and 
proteins of hMSCs were greatly promoted by the fabricated 3DGBS [69] (Figure 
1-3 A, B). Incorporation of GO within hydrogel can enhance its mechanical 
property and bioactivity, which is important to trigger cellular activity [76].  
In comparison, 3D graphene foam fabricated by a CVD method has fewer defects, 
high porosity, and extraordinary surface area to volume ratio, but it doesn’t have 
sufficient mechanical strength. PCL can be applied to reinforce the 3D graphene 
foam via a dip-coating method, and the synthesized 3D graphene/PCL foam can 
support hMSC proliferation and chondrogenic differentiation [71] (Figure 1-3 C, 
D). 
Cartilage regeneration relevant growth factors can be accumulated on the graphene 
structure due to their specific physicochemical interactions, and then accelerate and 
induce formation and maturation of chondrogenic tissues [73]. 3D ADSC pellet 
encapsulated within GO showed enhanced chondrogenic differentiation because of 
the dual roles of GO, which can adsorb bioactive molecules and induce stem cells 
towards chondrogenesis simultaneously [74]. In addition, GO nanoparticles can 
also serve as conditioners that modulate the tissue microenviroment through 
signalling pathway regulation [70]. GO nanoparticles were employed as both drug 
delivery vehicles and Rank/Rankl/OPG signal pathway regulation in 3D printed 
Collagen/CHI/GO scaffold, whereby cartilage can be potentially protected and 
regenerated [70]. 3D graphene network in the solution state is also applicable for 
cartilage regeneration. 3D graphene and MSC composites were prepared by 






chondrogenesis. A positive correlation between the graphene concentration and 
chondrogenic differentiation was demonstrated under threshold concentration [73]. 
Chondroitin sulfate (CS) and PCL are shown to have a positive effect on cartilage 
repair by supporting chondrocytes proliferation and differentiation [77, 78]. 
Methacrylated CS (CSMA) can be prepared to improve the controllability and 
mechanical property of CS through the addition of methacrylate and aldehyde 
groups on the CS backbone [75]. To improve the hydrophobicity and 
biodegradation of PCL, it was integrated into methoxyl poly(ethylene glycol)-
poly(ε-caprolactone)-acryloyl chloride (PECA) through UV-initiated free radical 
polymerization [79]. Liao et.al. have synthesized 3D CSMA/PECA/GO hybrid 
scaffold with highly microporous interconnective morphology to support cartilage 
regeneration both in vitro and in vivo [75] (Figure 1-3 E, F). Addition of GO into 
the composite improved its mechanical property and provided extra electrical and 
topographical cues for cartilage regeneration. 
Negatively charged hyaluronic acid (HYA) is a component in the ECM of cartilage 
and skin. In combination with cationic CHI, the ability for HYA to support cell 
attachment can be promoted [80]. Furthermore, 3D porous scaffold with optimized 
swelling ratio, porosity and degradation properties can be synthesized via addition 
of GO into the HYA/CHI composition [72]. NIH-3T3 cells showed improved 
proliferation and morphology on the as-fabricated 3D HYA/CHI/GO scaffold than 







Figure 1-3 Typical 3DGBSs and their application for cartilage tissue engineering. 
(A) SEM image of GelMA-PEGDA scaffold with GO (0.1 mg/mL) [69]. (B) 
Fluorescence microscope image of cells cultured on GelMA-PEGDA scaffolds 
incorporated with 0.10 mg/mL concentration of GO following 5 days culture (Scale 
bar = 200 μm) [69]. (C) Optical image of 3D graphene/PCL hybrid scaffold [71]. 
(D) Fluorescence microscope image of Type II collagen expressed on graphene 
foam scaffold [71]. (E) Cross-section SEM image of porous 
CSMA/PECA/Graphene scaffold (Scale bar = 100 μm) [75]. (F) SEM image of 








1.3.3   Neural tissue engineering 
3DGBS can not only provide biomimetic niches for cells to dwell or resemble body 
counterparts, but also afford charge transport pathways to stimulate neural cell 
functionalities through its conductive property [81]. The 3D bioelectronics 
interface provided by a CVD synthesized graphene porous scaffold can keep neural 
stem cells (NSCs) at a more active proliferation state with enhanced differentiation 
towards astrocyte and neuron compared with 2D graphene film [81]. Applications 






Table 1-3 Applications of 3DGBS towards neural tissue engineering 





3D printing and layer-
by-layer casting 
(template assembly) 
Schwann cell (RSC) Promotion of axonal regeneration and 
remyelination 
[82] 
Graphene/PLG 3D printing hMSCs Upregulation of neurogenic gene expression, and 
feasible for intraoperative surgical procedures, 
such as bundle wrapping. 
[83] 
HA/Graphene 3D printing  hMSCs Upregulation of neurogenic gene expression  [42] 
GO/PCL Molding and 3D 
printing 
RSC Promotion of cell attachment, proliferation, 
neural property maintenance in vitro; Promotion 
of nerve regeneration process and pro-







Graphene CVD (template 
assembly) 
Neural stem cells (NSCs) Improved cell proliferation and differentiation 
towards astrocytes and neurons, while stiff 3D 
graphene scaffolds showed superior effect 
[81, 85] 
Graphene CVD (template 
assembly) 
Patient-induced pluripotent 
stem cell (iPSC) derived neural 
progenitor cell (NPC) 
Capable of delivering 3D electrical stimulation 
to assist maturation of (Rett syndrome) RTT 
NPCs cells 
[86] 
Graphene/HA CVD and 
electrodeposition 
(template assembly) 
MC3T3-E1 cells  [87] 
PCL/GO Electrospinning and 
coating (template 
assembly) 









mesenchymal stem cells 
(rMSCs) 
Maintaining active proliferation and promoting 




















Human neural stem cells 
(hNSCs) 





(ISISA) technique and 
lyophilisation (self-
assembly) 
Embryonic neural progenitor 
cells (ENPCs) 
Promotion of the formation of highly viable and 








Graphene/PAM Chemical crosslinking 
and freeze drying 
(self-assembly) 
Hippocampal neurons and 
astrocytes 
Supporting hippocampal neurons and astrocytes 







Due to the inherent neuronal-inducing capability of graphene, 3D graphene/PLG 
scaffold printed by Jakus et al. can significantly stimulate upregulation of glial and 
neuronal genes upregulation of hMSCs without additional neurogenic stimuli [83]. 
Alongside excellent biocompatibility of the scaffolds in vivo, feasibility of 
intraoperative procedure was also illustrated by implanting the scaffold into a 
human cadaver nerve model. The same group also developed a variety of 3D 
printable HA/Graphene composite inks, and neurogenic genes expression of 
hMSCs was significantly improved by the 3D printed HA/Graphene structures [42]. 
Besides MSCs, addition of graphene into polyacrylamide (PAM) hydrogel was 
proven to be capable of supporting brain cells: hippocampal neurons and astrocytes 
development, while keeping synaptic networks active [93]. 
Polydopamine (PDA) and arginylglycylaspartic acid (RGD) can be used for cell 
adhesion improvement in tissue engineering, both of which were incorporated with 
graphene and PCL by Yuan`s group to manufacture multi-layered porous scaffold 
through a combination of 3D printing and layer-by-layer (LBLC) casting methods 
[82]. Neural expression can be enhanced by the scaffold both in vivo and in vitro, 
with promotion of axonal regeneration and remyelination. 3D GO/PCL conduit 
fabricated by Yuan`s group was pro-angiogenic and supported 15 mm sciatic nerve 
defect regeneration in vivo efficiently [84]. These 3DGBSs are promising for 
peripheral nerve regeneration application. 
Cell adhesion, proliferation and differentiation can be influenced by scaffold 
mechanical strength. Stiff 3D graphene scaffolds fabricated with extruded Ni 
substrate via CVD method can enhance NSC attachment and proliferation with up-
regulated neural regeneration associated genes [85] compared with previously 






Electrospun nanofiber scaffolds can mimic in vivo ECM with high porosity and 
surface to volume ratio. 3DGBS fabricated by coating GO onto electrospun PCL 
construct can guide NSC differentiation into oligodendrocyte with significantly 
higher biomarker expression compared with 2D graphene and pristine 3D PCL 
substrates (Figure 1-4 A, B) [88]. 3D cylindrical GO scaffold fabricated by rolling 
up laminin functionalized GO/PET glasses can guide human neural stem cell 
(hNSC) proliferation and differentiation along the structure`s main axis (Figure 1-
4 C, D) [91]. After applying ES via the 3D scaffold, hNSC proliferation and 
differentiation to neurons were promoted significantly. In another study, embryonic 
neural progenitor cells (ENPCs) remained highly viable on flexible, porous 
3DGBSs fabricated by a freeze-casting method [92]. Additionally, the 3DGBS can 
also support ENPC differentiation, with interconnected neural networks with 
abundant dendrites. 
Heparin can form nano-layers with the assistance of poly-L-lysine (PLL), and it has 
effective anti-inflammatory effects. 3DGBS fabricated by assembling graphene-
heparin/PLL onto 3D electrospun nanofibers via layer-by-layer deposition method 
can support neuron cell adhesion and neurite outgrowth [90]. 
Porcine skin derived porcine acellular dermal matrix (PADM) composed of 
collagen shows good biocompatibility, tuneable biodegradability and porosity. It 
was incorporated with RGO to gain electrical conductivity towards neural tissue 
engineering by assembling RGO on the surface of 3D porous PADM [89]. The as-
fabricated 3D RGO/PADM scaffold can maintain rat bone-marrow-derived 
mesenchymal stem cells (rMSCs) in an active proliferation and neurogenic 
differentiation state, whilst at the same time promoting sprouting and outgrowth of 






Figure 1-4 Typical 3DGBSs employed for neural tissue engineering. (A) SEM 
image of 3D PCL nanofiber scaffolds coated with GO (1.0 mg/mL, scale bar: 2 μm) 
[88]. (B) SEM image of differentiated NSCs cultured on 3D GO/PCL scaffold after 
6 days (scale bar: 10 μm) [88]. (C) SEM image of cross-section of a rolled 3D GO 
foam [91]. (D) Fluorescence image of hNSCs on cross-section of rolled 3D GO 
foam [91]. 
 
1.3.4   Skin tissue engineering and wound healing 
As the largest organ of the body and exposed to environmental damage, skin is 
vulnerable to surrounding hazard and an obvious application for tissue engineering. 
Engineering skin involves a complicated and systematic process; with several cell 
types and biological processes. 3D graphene-based skin tissue engineering 
represents an approach with significant potential for reconstructing skin substitutes. 






biocompatible materials, where blending of both materials can render a composite 
with shape memory property, improved impact resistance and mechanical strength 
[94]. Addition of GO into the composite can further improve a range of properties, 
and the obtained TPU/PLA/GO blend is 3D printable with various GO loading 
ratios [95] (Figure 1-5 A). NIH/3T3 fibroblast cells showed excellent cell viability 
and improved proliferation on the 3D printed GO/PLA/TPU scaffold (Figure 1-5 
B). 
3DGBS fabricated by doping graphene in electrospun CHI/poly(vinyl alcohol) 
(PVA) nanofibers can benefit wound healing, where graphene also served as an 
anti-bacterial agent [96]. 
Figure 1-5 Typical 3DGBS and its application for skin tissue engineering and 
wound healing. (A) 3D printed scaffold from TPU/PLA/GO composites, (B) 
Fluorescence image of NIH3T3 cells on 3D printed TPU/PLA with 0.5 wt % GO 
loading after 96 h cell culture. Green colour indicates live cells, whereas red colour 
indicates dead cell [95]. 
 
1.3.5   Cardiac tissue engineering 
Cardiac diseases, including stroke, arrhythmia, and high blood pressure are leading 






to regenerate. Cardiac tissue engineering is challenging partly due to the difficulty 
with reproducing sophisticated cardiac tissue architecture and function, besides 
supporting transplanted cells growth and vascularization [97]. Traditional materials 
can`t meet these requirements, lacking electrical conductivity and appropriate 
mechanical properties, which are two essential requirements for cardiac tissue 
engineering.  
Addition of graphene to traditional biomaterials can significantly enhance 
mechanical and electrical properties of host materials, consequently appealing for 
cardiac tissue engineering. 3DGBS fabricated by using GO/GelMA hybrid 
hydrogel as a substrate and PLL/GO as a stacking layer via layer-by-layer (LbL) 
have been used as synthetic cardiac scaffold (Figure 1-6 A) [31]. This 3D 
multilayer construct can encapsulate and support human MSC, endothelial cell and 
cardiomyocyte growth with high cell viability, elongation and proliferation (Figure 
1-6 B, C). The embedded GO supported faster cell attachment, spreading and 
elongation compared to scaffolds without GO or with other carbon materials. 
Poly(ethylene glycol) (PEG), as a biocompatible oligomer, can generate hydrogel 
via hydrogen bond forming between oxygen containing groups from different 
molecules. 3D GO mesh scaffold can be manufactured by mixing of GO and PEG 
through a salt-leaching method, while vascular endothelial cells and perivascular 
fibroblasts grown on the scaffold showed similar morphology with their in vivo 
counterparts [98].  
Without other materials, mere graphene can also be fabricated into 3D foam that is 
not only supportive of cardiac cell growth, but also presents in-situ electrical 
recording capability [99]. Cardiac cells were placed spatially within a more uniform 






monitored simultaneously through the scaffold. 
Figure 1-6 Typical 3DGBSs used for cardiac tissue engineering. (A) Cross-
sectional SEM image of GO/GelMA hydrogel substrate (1.0 mg/mL). (B) 
Fluorescence image of cultured hMSCs with deposition of PLL/GO particles. (C) 
Schematic illustration of layered cellular structures (left) and 3D reconstructed 
confocal fluorescence cross-sectional image of the layered structure (right) [31].  
 
1.3.6   Adipogenic tissue engineering 
As a ubiquitous tissue throughout the human body, adipogenic tissue is crucial in 
thermoregulation, energy storage, and physical buffering [100]. Reconstruction of 
adipogenic tissue usually involves autologous tissue transplantation from other 






limited proliferation capability or infections [101]. Graphene can act as a 
preconcentration platform for insulin, which is an adipogenic differentiation 
inducer, to guide stem cells toward adipogenic differentiation [38]. So 3DGBS is 
able to serve as both three-dimensional cell supporting and adipogenic 
differentiation inducing platforms for stem cell towards adipogenic tissue 
engineering. 
3D GO constructs, fabricated by suspending GO in poly(ethylene glycol)-poly(L-
alanine) (PEG-PA) thermogel, are capable of promoting entrapped tonsil-derived 
mesenchymal stem cells (TMSCs) towards adipogenic differentiation [101]. This 
3DGBS was achieved via sol-to-gel transition controlled by temperature, which is 
amenable for cell and biofactor encapsulation. 
 
1.3.7   Other tissue engineering 
Although 3DGBSs are increasingly being applied for the above mentioned 
tissues/organs, they still have potential for wider application in other related tissue 
engineering fields. 
Collagen, as a widely used bioactive material, can be coated onto oxygen plasma 
treated 3D graphene scaffolds, able to support liver cell (HepG2) growth with low 
lactate production [102]. This 3DGBS can also serve as an excellent oxygenation 
platform with high cell viability. Graphene has also been incorporated with alginate 
to form a 3D macroporous scaffold that is able to slowly release antigens [103]. 
Addition of graphene can not only improve mechanical property of the scaffold, 
but also play an important role in the high loading and controlled releasing of 
antigens because of a large hydrophobic surface area. Both in vitro and in vivo 






efficient multi-functional immunotherapy platform, casting light on future 
implantable device development. 
Sitharaman et al. have reported a scalable process for 3DGBS fabrication [104]. In 
this method, 3D graphene scaffold was fabricated through single/multi-walled 
graphene oxide nanoribbon radical initiated thermal crosslinking, and can facilitate 
human ADSCs and murine MC3T3 preosteoblast cells proliferation with active 
metabolism [104].  
Besides being the physical support for various tissue engineering applications, 
3DGBS can also be applied for in-situ monitoring differentiation and pluripotency 
of stem cells [105].  
Alongside with new fabrication techniques towards development of 3DGBS, other 
avenues will be explored in regard to efficient tissue engineering and relevant 
biosensing applications. 
 
1.3.8   Preference of 3D graphene-based structures for tissue engineering 
Graphene, as the main component of 3DGBSs, can possess adverse effects on 
biosystems when the preparation process involves toxic agents or materials, such 
as widely used reducing agents: hydrazine, hydriodic acid and sodium borohydride 
[106]. The residual contamination and impurities should be removed completely 
before the synthesized graphene can be further processed, while biocompatible 
agents and materials can serve as safe alternatives to their toxic counterparts. 
Examples of the latter include ascorbic acid, amino acids, and microorganisms 
[107]. It`s also noteworthy that widely used metal templates in CVD method may 
cause cell damage and apoptosis when not completely eliminated [106, 108]. To 






with efficient purification process. 
3D structures are widely used in tissue engineering to better recapitulate natural 
ECM and provide support for neo-tissue generation. First of all, the 3D structure 
needs to be porous with interconnected pore networks to allow easy transportation 
of nutrition and removal of waste. Secondly, in order to imitate complexity of native 
matrix to reach the maximized performance, the 3D structure should have graded 
porosity as observed in native human tissues (e.g. skin and bone), which has proven 
beneficial for angiogenesis and specific cell migration [109]. Thirdly, a scaffold 
needs to be pliable with appropriate mechanical strength to fit into the surgical site, 
especially when the site is complicated and vulnerable.  
 
1.4   Fabrication 
The majority of methods devised for fabricating 3DGSCs involve graphene 
synthesized by chemical method. Importantly, a chosen fabrication strategy will 
impact the performance and clinical approvability and utility of a construct. In this 
section, principle fabrication strategies and resulting 3DGBSs are summarized and 
discussed. 
 
1.4.1   3D printing 
3D printing involves the translation of computer-aided designs into three 
dimensional objects. This technique can be applied to fabricate 3D structures-based 
on blueprints obtained from either computer 3D drawing programmes or digital 
data obtained using a 3D scanner. 3D printing enables scalable fabrication of 
complex graphene containing structures with controllable architecture. Especially 






architecture, composition and properties of native human tissues or organs with the 
informative data provided by magnetic resonance imaging (MRI) and computed 
tomography (CT) technology. For graphene-based materials, extrusion-based 3D 
printing is the most widely used technique, whereby successive layers of materials 
are deposited vertically to the previously 2D printed structure to generate true 3D 
objects (Figure 1-7 A-F). The inks comprise the graphene/graphene oxide material 
and usually a host polymer or other additives that serve as rheological modifier 
and/or binders to provide mechanical integrity to the printed structure. A summary 
of graphene-based ink composition, 3D printing parameters and 3D printed 








Table 1-4 Summary of graphene-based ink compositions, 3D printing parameters and 3D printed 3DGBS properties. 
Ink composition (Extrusion-
based)/Substrate (Laser-based)  





Printer Temperature Pressure Speed Resolution 
Reduced graphene oxide 













Graphene oxide (GO)/PLA Isun3d 230C 
3D Printer, 
China 
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Ink 1: GO aqueous solution (76 
mg/mL) 
Ink 2: 23 vol % Al2O3 platelets 
(0.8 vol % GO (23 mg/mL) 
RoboCAD 3.0, 
UK 
23 °C  6-12 
μm/s 
0.51 mm ~10 S/cm 
(3D 
scaffold 











Ink 3: 27 vol % Al2O3 platelets 
(1.1 vol % GO (33 mg/mL) 
Ink 4: 28.4 vol % SiC with 0.4 
vol % GO (10 mg/mL) 
Ink 5: 40.4 vol % Steel with 0.4 
vol % GO (19 mg/mL) 
Ink 6: 8.3 vol % PVA with 0.3 
vol % GO (7 mg/mL) 
from  ink 4) 
Liquid crystal graphene oxide 
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The use of 3D printing is accelerating the application of graphene for customised 
bionics [135]. Generally, the development of 3D printable graphene ink without 
additive is still a challenge since commonly used graphene or GO dispersions are 
dilute (usually in the range of several mg per mL), and do not meet the rheological 
requirement for 3D printing [119]. Graphene or GO is therefore widely 
incorporated with additional materials to increase viscosity to enable 3D printing. 
Many materials have been used as additives for 3D printable graphene-based ink 
development. These include: polylactic acid (PLA) [110, 111], polybutylene 
terephthalate (PBT) [112], chitosan (CHI) [136], methacrylated chitosan (ChiMA) 
[113], acrylonitrile-butadiene-styrene (ABS) [114], pluronic F127 [115],  
poly(trimethylene carbonate) (PTMC) [116], polylactide-co-glycolide (PLG) [83], 
fumed silica [119], and so on [42, 118, 121, 129, 130, 135] (Figure 1-7 B). In 
addition, GO can also serve as a versatile additive for 3D printable ink 
development, acting as dispersing agent, rheology and binding modifier 
simultaneously. García-Tuñón et.al have used GO as an additive for a variety of 
materials, namely ceramic powders, polymers and metals with different sizes and 
shapes, to manipulate their viscoelastic responses for better 3D printing behaviours 
[124] (Figure 1-7 C). 
However, 3D printing with other materials compromises the intrinsic properties of 
graphene and phase separation and aggregation are commonly observed [114]. 
Although, GO aqueous suspensions exhibit shear thinning behaviour, 3D printing 
of neat graphene/GO containing ink, especially with high resolution, is still a 
challenge [137]. Attempts to improve resolution include preparation of a GO 
aqueous dispersion-based paste by water evaporation to achieve concentrated GO 






attempted to prepare 3D printable highly concentrated GO suspensions by 
redispersing solid-state GO in water with a concentration of about 80 mg/mL [121, 
122]. Lacey et al. tried to achieve concentrated 3D printable GO ink (~100 mg/mL) 
by introducing holey GO in the preparation, which met the standards for 
complicated 3D architecture printing [123]. Naficy et al. have achieved 3D 
printable liquid crystal GO with relatively lower concentration (13.3 mg/ml) due to 
the ultra-large GO sheet and its specific viscoelastic behaviours [125]. These 
methods involve time-consuming ink concentrating process and result in printed 
scaffolds with high GO content ratio. Lin and co-workers have developed a method 
for pure low-concentration GO (1 mg/mL) 3D printing, which involved a freeze-
casting process [127] (Figure 1-7 E). In this method, aqueous GO ink was ejected 
on demand and instantly frozen on a cold sink (−25 °C) to maintain its structure, 
with obtained 3D scaffolds further subjected to freeze drying for water removing 
and thermal annealing for GO reducing. Since microscale architecture of GO can 
be controlled by freezing [138], this integrated method can both control macro- and 
micro-structures of 3D graphene scaffolds. The approach is complicated and 
requires a peculiar environment. Kim et al. firstly reported 3D printed nanowire 
structures composed of pure graphene component without supporting materials 
[120]. In this method, chemically synthesized 1 g/L GO aqueous solution with 
average flake size of 1-5 μm was 3D printed at nanoscale resolution, whereas the 
printed structure was limited to a meniscus, greatly restricting future application of 
the method.  
In order to tackle the challenges and inspired from traditional biomaterial 3D 
printing strategy [139],  Gao and his co-workers have developed 3D printable low-






printability, and used the ink for accurate 3D graphene scaffold printing [128]. With 
a trace amount of ion cross-linker, 3D printability of low concentration GO aqueous 
solution can be significantly improved without compromising pristine properties of 
graphene and printing accuracy, which is promising for application in tissue 
engineering. 3D printed graphene scaffolds derive from GO solution will inevitably 
inherit its defects obtained from synthesis process. In order to cope with limitation,  
Tour and his co-workers have invented a new way to print graphene by first printing 
a mixture of Ni and sucrose followed by converting the mixture into 3D graphene 
structure by laser [132] (Figure 1-7 F). In this method, sucrose served as the carbon 
source, while nickel served as the catalyst, which can be removed by etching. 
Fabrication of 3D graphene scaffolds via laser-based 3D printing has recently 
become popular due to the ease of substrate preparation and high resolution 
inherited from laser technique compared with scaffolds fabricated via traditional 
extrusion-based 3D printing [131-134]. The current technique can still cause 
warping and distortion in the fabricated scaffolds, which need to be addressed. 
Although 3D printing of only graphene is achievable with additional conditions, 
the printed scaffolds showed irregular shape, poor mechanical strength and less 
accuracy. Therefore, greater effort is required to address these limitations. 
3D printing technique can be integrated with other fabrication methods towards 
complex 3DGBS fabrication. Yuan et al. developed a 3D Polydopamine 
(PDA)/Arginylglycylaspartic acid (RGD)/Graphene/PCL scaffold by an integrated 
3D printing and layer by layer deposition technique, with microneedles evenly 
decorated roller used as the collector [82]. Unlike traditional 3D printing, the 
described method is more like a multiple coating process with improved 






limited. This group has also fabricated 3DGBS via integrated molding and 3D 
printing methods [84]. In that work, the 3D printer acted like a hole punch to 
generate multiple aligned pores alongside the multilayered GO/PCL conduit made 
by molding and jet spraying. In combination with supplementary fabrication 
techniques, 3D printing method is enabling the fabrication of more complicated 3D 
scaffolds with multiple functions. 
 
Figure 1-7 Examples of typical 3D printed 3DGBSs. (A) Schematic illustration for 
3D printed scaffold. Optical image of: (B) a typical 3D printed graphene scaffold, 
using GO ink with additive (fumed silica) [119], (C) sintered 3D printed SiC 
structures using GO as the only additive [124], (D) 3D printed GO cylinder with 
only GO paste without additive [124], (E) 3D printed graphene aerogel architecture 
[127], (F) 3D printed graphene foam after dissolving supporting Ni structure [132] 
(The scale bars are 5 mm). 
 
As mentioned above, most of the 3DGBSs in this section were fabricated through 
extrusion-based 3D printing. The resolution of printed scaffold is not only 






temperature and several other factors. Generally, higher speed results in lower 
resolution, but a balance between these two parameters should be achieved with the 
consideration of printing time and scaffold application. 
 
1.4.2   Template assembly 
Using template assembly based 3DGBS fabrication strategy, a variety of graphene 
structures have been created, like chemical vapour deposition (CVD) [140, 141], 
dip-coating [43], freeze-drying [142], electrophoretic deposition [143] and 
autoclaving [144]. In order to facilitate the fabrication process and diversify the 
final structural complexity, various templates have been explored for the 
fabrication process, such as metal sponge [140, 145], fabric [146], non-metal 
sponges [43, 147], different sized polymer particles [148, 149] and ice templates 
[150]. Fabricated 3DGBS and properties, such as pore size, electrical conductivity, 
mechanical strength etc., are tuneable over templates applied in the fabrication 
process. Specific methods and properties of 3DGBSs fabricated by the template 






Table 1-5 Summary of methods and properties of 3DGBSs fabricated by the template assembly approach. 
Graphene source Template Method Electrical 
property 
Mechanical property Reference 
CH4 Ni foam, commercially 
available. 
Chemical vapour deposition 
(CVD): CH4/H2/Ar, 1,000 °C 
under ambient pressure, polymer 
coating, scaffold etching etc. 
∼10 S/cm 
 
~1.5 Mpa (Graphene/PDMS 
composite with 100 % 
strain) 
[81, 86, 140, 
141, 151-
153] 
CH4 Calcined Iceland crystal  CVD ~5.0 S/cm  [154] 
Benzene or 
pyridine 




PDMS porous structure, 
fabricated by salt leaching 
method, porosity = 63 ± 
7% 










suspension (1 g/L) 
Ice crystal, polystyrene 
beads (diameter = 990 
nm) 
Ice nucleation, immersion 
coating. 















Ice crystal Freeze-casting 10-20 
kΩ/sq 







Nickel foam Electrophoretic deposition 
method 
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mg/mL [53], 3 
mg/mL [68]) 










Methyl group grafted 
silica spheres 
Hydrophobic attraction and 
etching 
  [149] 
Polyol Nickel nanoparticles Carburization and thermal 
annealing 
  [160] 





Lithography and thermal 
annealing 






CH4 /HA Nickel foam and 
synthesized graphene 
scaffold 
CVD and electrodeposition  0.933 MPa (Young’s 
modulus) 
[87] 
CH4 Nickel foam CVD   [163] 
Polyamic acid and 
urea 










3D printed  β-TCP 
scaffold 
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As a widely used bottom-up strategy for high quality graphene production, CVD is 
straightforward and capable of maintaining the intrinsic properties of graphene 
[151, 166]. For 3DGBS fabrication via CVD technique, graphene sourced from 
CH4 or other small carbon containing molecules is directly grown as a monolith 
onto a metal template and organic synthesis procedures are involved in the 
intermediate steps, during which the templates acts as supporting substrate and 
catalyst contemporarily [151]. Alongside widely used metal template, mineral 
template (calcined Iceland crystal) was capable of serving as template in CVD, 
which offers an alternative approach towards final hierarchical structure control 
[154]. Meanwhile, other techniques can also be applied in combination with CVD 
to endow 3DGBS with supplementary properties, such as electro-deposition of 
hydroxyapatite (HA) [87] or graphene nanoribbon introduced with reactive ion 
etching on the surface of 3DGBS synthesized by CVD [163]. Although plenty of 
complex 3DGBSs can be manufactured by template-directed CVD, this method 
needs delicate fabrication facilities and is not amenable for large scale or sizable 
3DGBS fabrication (Figure 1-8 A, B). Obtained 3DGBSs are generally fragile and 
easy to collapse after removal of metal template. Meanwhile, the nickel substrate 
used in the CVD method is cytotoxic, so incomplete removal may present risks for 
further bio-related applications. As mentioned above (section 3.1), laser scribing is 
widely applied towards 3DGBS fabrication with capability of heteroatom doping, 
by which electrochemical function of 3DGBSs can be tuned [164]. Alshareef et. al 
have fabricated 3D nitrogen-doped graphene scaffolds by using one-step laser 
scribing urea-containing polyimide on Cu foil, whereby 3D porous graphene was 
synthesized from graphitization process of polyimide under high temperature. 






limited capability for large scale production. For large-scale synthesis of 3DGBS 
without the need for specialist equipment and laborious procedure, solution 
processed graphene would be the best graphene source and graphene prepared by 
this method is applicable for most 3DGBS fabrication strategies previously 
mentioned, namely: dip-coating (Figure 1-8 C), freeze casting, electrophoretic 
deposition etc. [146, 150]. Dip-coating process is economic and doesn`t require a 
complex setup, while coating with large molecules, like graphene, may present 
uneven deposition throughout the structure due to specific template conditions [43]. 
Freeze-casting is a versatile technique for 3DGBS fabrication with controllability 
of microstructure and subsequent easy removal of ice template, while fabrication is 
time-consuming and needs precise temperature control over freezing and drying 
processes [138, 150]. Electrophoretic deposition method can deposit graphene on 
metal template uniformly with high purity, while possessing the same 
disadvantages as CVD method mentioned before [156]. Templates utilized in the 
template assembly strategy have direct influence on the final structure details of 
3DGBSs, and also play an important role in the obtained 3DGBS if it`s not removed 
afterwards. In order to fabricate 3DGBS with desirable configurations and 
properties, it`s essential to design and control the properties of the templates. Salt 








Figure 1-8 SEM images of 3DGBSs fabricated by template assembly strategy via 
(A [141], B [151]) CVD method using CH4 as graphene source; (C) dip-coating 
method using solution processed graphene as graphene source [43]. 
 
1.4.3   Self-assembly 
Self-assembly is an efficient technique for various complex 3DGBS fabrication by 
manipulating graphene interlayer behaviour. GO or reduced graphene oxide (RGO) 
sheets will be overlapped and interlocked to form enough physical linking sites for 
3D construct formation in the dispersion if force balance between GO/RGO layers 
(mainly hydrophilicity and electrostatics) is interrupted, in which the disturbing 
factors can be pH value, temperature, cross-linker or ultrasonication [167-169].  
There are three main synthetic strategies for 3DGBS fabrication via the self-
assembly mechanism: these are hydrothermal, chemical reduction and 
electrochemical reduction [170]. 3DGBSs fabricated by the self-assembly approach 






Table 1-6 Summary of methods and properties of 3DGBS fabricated by the self-assembly approach. 
Graphene source Incorporated 
material 




PPY Hydrothermal (180 ℃ for 
several hours) 
3000 S/cm Compressive stress of ~0.4 MPa 





 Hydrothermal (180 ℃ for 
12 hours) 








Hydrothermal (150 °C for 
10 hours) 
  [174] 
GO aqueous 




hydrothermal (180 °C for 












Hydrothermal (180 ℃ for 
12 hours) 
  [176] 
GO aqueous 




Hydrothermal (180 °C for 
12 hours) 
  [177] 
GO aqueous 
suspension (1 mg/mL) 
Pb, Au, Ir, Ru 
nanoparticles and 
glucose 
Hydrothermal (120 °C for 
20 hours) 
0.0025 S/cm Compressive stress of ~0.04 MPa 





Ni(OH)2 Hydrothermal (180 °C for 
2 hours) 
~2.3 S/m  [179] 
GO aqueous 
suspension (2 mg/mL) 
Fe3O4 
nanoparticle 
Reduction by metal ions  Compressive stress of ~0.5 MPa 








suspension (2 mg/mL) 
 Reduction by sodium 
ascorbate 
1 S/m Storage modulus:  275 kPa [181] 
GO aqueous 
suspension (4 mg/mL) 
 Reduction by L-ascorbic 
acid 




 Reduction by 
hypophosphorous acid and 
iodine 
~500 S/m Up to 0.14 MPa with strain ratio 







 Reduction by NaHSO2, 
Na2S, Vitamin C, HI, or 
hydroquinone. 






Reduction by NaHSO3 (95 
℃ for 3 hours) 
15 S/m  [185] 






suspension (1 mg/mL) (ultrasonication) and 





 Reduction by ascorbic acid 
(70 ℃ for 4 hours) and 
freeze drying 
82-3400 Ω Compressive stress of ~20 kPa 




suspension (1 mg/mL) 
Silane coupling 
agents 
Reduction by ascorbic acid 
(80 ℃ for 15 hours) and 
freeze drying 
0.1-10 S/m Compressive stress of ~20 kPa 
with compressive strain ratio of 
~60% 
[188] 
GO ethanol suspension 
(0.05 mg/mL) 
TiO2 nanocrystal Sol-gel process (25 °C for 
24 hours) 





 Solvothermal (180 °C for 
12 hours) 










(PANI), PPY and 
zinc oxide 
Cyclic voltammetry and 
chronoamperometry 
6000 S/m  [191, 192] 
GO aqueous 
suspension (3 mg/mL) 
containing 0.1 M 
lithium perchlorate 




 Vacuum centrifugal 
evaporation 
106.85 Ω/sq  [195] 
GO aqueous 
suspension (1 mg/mL) 
CNT, cobalt (II) Pyrolysis   [196] 
GO aqueous 
suspension (2 mg/mL)  
Eosin Y, Rose 
Bengal, and 
Fluorescein 
Hydrothermal (120 °C for 
12 hours) 







suspension (8 mg/mL) 
MnO and Ni Sonication, freeze-drying 
and pyrolysis 
5000 S/m  [198] 
GO aqueous 
suspension (3 mg/mL) 
Ethylenediamine Hydrothermal (95 °C for 6 
hours) 
  [199] 




Fe3O4 Freeze drying  7.19 ± 0.57 MPa                  
(Tensile strength)        
171.7 ± 0.77 MPa (Modulus) 
[200] 
GO aqueous 
suspension (8 mg/mL) 
PANI, PPY Reduction by ascorbic acid 
and hydrothermal (180 °C 
for 12 hours) 
















Nano-HA Hydrothermal (200 °C for 
3 hours) 






Chemical crosslinking and 
freeze drying 




suspension (1 mg/mL) 
Alginate (Alg) Chemical crosslinking  ~ 50 kPa (Elastic modulus) [76] 
GO (0-0.1 wt%) Alg Hydrogen bonding, 
chemical bonding and 
freeze drying 
 ~ 43.7 kPa (Elastic modulus for 








Hydrothermal is the most straightforward 3DGBS fabrication method, which 
doesn`t need extra chemicals or substrates, and is compatible with additional 
decorative material co-fabrication [179] (Figure 1-9 A, D). Decoration of 3DGBS 
can endow the structure with plenty of enhanced or novel properties, like: enhanced 
mechanical property with incorporation of PPY [171], improved electrical, 
magnetic, catalytic properties with embedded nanoparticles or molecules [61, 174, 
176, 177, 185, 197, 200, 201, 203], increased flexibility and pore size with organic 
compound [199]. Hydrothermal synthesis requires high reaction temperature 
(usually > 120 °C), and usually takes place in a sealed autoclave with various 
potential risks, like fluid scalds and burns. Freeze-drying technique is often applied 
after hydrothermal treatment to dehydrate wet 3DGBS, while sometimes being 
directly used to synthesize 3DGBS [198]. While graphene is applied as a minor 
additive, 3DGBSs can be efficiently obtained when the majority matrix is 
chemically cross-linkable [76, 93].  
Graphene layers tend to self-assemble into a 3D structure with enhanced interlayer 
π-π and hydrophobic interaction after chemical reduction of oxygen containing 
groups on GO (Figure 1-9 B, E). The pore size of 3DGBS made by the chemical 
reduction method is in the range of submicrometre to micrometres. A variety of 
chemical reductants have been investigated for the fabrication process, such as 
dopamine [186], NaHSO3, Na2S, Vitamin C, HI, hydroquinone and so on [184]. 
Synthesized 3D structures may present with the residue reducing agents when the 
purification process is incomplete. 
Nano-sized and oriented 3DGBS can be fabricated directly on the electrode by 
using an electrochemical reduction method (Figure 1-9 C, F). 3D interpenetrating 






oxygenated groups of GO were reduced under electrochemical reduction [193]. 
However, dimensions of the fabricated 3DGBSs are restricted to the size of the 
electrode used during the fabrication process. One-pot pyrolysis process can also 
be employed for 3D interpenetrating graphene matrix fabrication as Zhang and co-
workers reported [196]. In this method, CNTs was grown in a controlled way on 
the cobalt (II) decorated graphene surface to form 3D interpenetrating structure 
showing promise towards battery application, while this method needs to be 
performed at 900 °C under argon protection. These three main synthetic strategies 
have limited controllability over final structure geometry and pore size distribution, 
which can be avoided by 3D printing and template assembly approach. 
Besides these strategies, a vacuum centrifugal evaporator has also been utilized for 
GO sponge fabrication, in which GO solutions with different concentrations can be 
controlled to form sponge or film structures via layer-by-layer self-assembly of GO 
sheets [195]. Luo et.al. have introduced a cut and paste approach for complex and 
dynamic 3DGBS fabrication, in which GO paper obtained from filtration can be 







Figure 1-9 Optical images of 3DGBSs prepared by: (A) hydrothermal method 
[171], (B) chemical reduction method [182], and (C) electrochemical reduction 
method (the scale bar is 500 μm) [191], respectively. SEM images of 3DGBS 
prepared by: (D) hydrothermal method [171], (E) chemical reduction method [182], 
and (F) electrochemical reduction method (the scale bar is 2 μm) [191], 
respectively. 
 
1.5   Biodegradability of 3D graphene-based structure 
The advent of graphene has advanced bionic research in the past several years due 
to its prominent physicochemical properties [28]. Unprecedented progress in bionic 
applications of graphene has raised concerns for its biopersistance in human tissue 
and organ, which needs to be addressed before clinical application.  
Surface functionalization, lateral size, edge structure, composition, and 
administered doses are all important factors for graphene biocompatibility [204]. 
For example, cellular uptake of nano-sized graphene can occur via endocytosis, 
while internalization of larger sized graphene is mainly by phagocytotic uptake 






cytotoxicity of graphene can be reduced by controlling the dimensions of graphene 
size, reducing the dosage of administration, and functionalization with specific 
moieties on the structure.  
Peroxidase enzyme could induce the degradation of GO efficiently with oxidization 
of its basal plane [206], while the presence of H2O2 can improve the degradation 
process [207]. Even without peroxidase, H2O2 at physiologically and 
environmentally relevant concentrations can degrade single/multi-layered 
graphene by a “cluster effect” [207].  
In order to attenuate the toxicity of graphene to macrophages, the graphene surface 
was coated with bovine serum albumin (BSA) or PEG, but the coated graphene was 
resistant to horseradish peroxidase induced degradation [208]. A bridging coating 
layer on graphene through the disulfide bond can retain its bio-degradability whilst, 
in the meantime, reduce its cytotoxicity. Besides, functionalization with coumarin 
and catechol conjugations can also increase the biodegradability of GO by 
horseradish peroxidase [209]. 
For the biodegradability of 3D graphene-based scaffolds, defects sites (oxygenated 
zone) in the scaffold are first disrupted by peroxidase and followed by complete 
dissolution in about 1 year [102]. The biodegradation rate can be tuned to match 
the ratio of the formation rate of tissue/organ to defect rate in the 3DGBS 
introduced through artificial treatments (O2 plasma, laser, chemical oxidization 
etc.).   
In spite of biodegradability, untoward effects of 3DGBSs on relevant physiological 
systems in vivo should also be extensively investigated before clinical use. For 
example, GO can cause pulmonary thromboembolism in mice due to its inductive 






This difference largely depends on the charge density on the graphene surface, and 
so corresponding medicine may be developed to manipulate platelet behaviour. 
 
1.6   Summary and outlook 
During the past decade, a variety of 3DGBSs with diverse architectures, various 
compositions and different properties have been fabricated via a number of 
strategies. Among all these strategies, template assembly and self-assembly are the 
most efficient and widely used techniques. Except for the CVD method in template 
assembly strategy, other methods sourcing from processable graphene are 
amenable for large-scale production, which can significantly accelerate 
applications of bulky graphene scaffolds in different fields. However, both template 
assembly and self-assembly strategies have limited control over scaffold inner 
structures (pore size, channel size etc.) and capability towards customization. These 
limitations can be tackled by using of 3D printing strategy, which is applicable for 
3DGBS fabrication in any desired hierarchical structure, while preserving 
multifunctional properties of the printed materials. Promisingly, living cells and 
other biological factors can be directly incorporated within the graphene-based ink 
that make cellular components 3D printable under mild printing conditions, which 
will shed light on direct establishment of artificial graphene-based human tissue 
and organs.   
These as-fabricated 3DGBSs have already found a vast variety of applications from 
energy storage to bionics, holding promise to revolutionize our daily lives in the 
future. Especially in tissue engineering applications, 3DGBSs can be modified to 
resemble extracellular and physiological features of in vivo counterparts, which is 






meantime, the peculiar nature of graphene bestows itself with high affinity to bio-
factors and capability to modulate properties of other biopolymers. 3DGBS has 
been found capable of assisting bone, cartilage, neural etc. regeneration. But most 
of these tests were processed in vitro, therefore further relevant in vivo works are 
required for the biocompatibility, post-implantation evaluation of the scaffolds. 
Meanwhile, implementing intrinsic or engineered properties of graphene and its 
derivatives in biosensors has endowed them enhanced selectivity and sensitivity. 
By taking advantage of its sensing capability in tissue engineering application, 
graphene can achieve efficient in-situ, real-time monitoring during the tissue/organ 
regeneration process, which can guarantee in-time repair if anything unexpected 
happens after implantation. Besides, graphene and its derivatives are ideal 
nanocarriers, which can provide transferring and controllable releasing platforms 
for ligands, genes, drugs, imaging markers and other materials that can be hardly 
delivered by traditional methods [211]. All these capabilities of graphene hold 
potential for establishing a whole graphene structure that can accomplish tissue 
regeneration, drug delivery, and in-situ monitoring simultaneously.   
The toxicity of graphene is an important issue required to be addressed prior to its 
bio-related application. In order to eliminate possible hazardous elements from the 
source, green preparation procedure of graphene is developed by utilizing bio-
friendly solvent, reductant or methodology to replace the toxic ones [212]. In 
addition, the biodegradability of 3DGBS should be well investigated to minimize 
adverse effects during post-surgery scaffold removal to promote broader in vivo 
application in clinic.  
Graphene-based materials have opened up new possibilities in bionics, while 






medicine. To advance the tissue engineering application of 3DGBS, further 
collaborative efforts between academic researchers, industry groups and clinicians 
will be important.   
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2.1   Introduction  
General reagents, materials, instruments and methods involved in this thesis are 
described in this chapter. Synthesis of graphene, 3D printable bio-ink, a series of 
graphene-based structures, and relevant characterizations are also included in this 
chapter. Furthermore, stem cell culture, electrical stimulation (ES) and 
corresponding characterizations are elaborated as well. More specific and detailed 
procedures are listed in the corresponding experimental section of relevant chapters.  
 
2.2   Reagents and materials  
Natural graphite flakes, alginate (alginic acid sodium salt; Medium viscosity ≥ 2000 
cP), gelatin from bovine skin, L-ascorbic acid-2-phosphate, dexamethasone, β-
glycerophosphate, sodium nitrate (NaNO3), PBS tablet and sodium chloride (NaCl) 
were purchased from Sigma-Aldrich (USA). 98% sulfuric acid (H2SO4), potassium 
permanganate (KMnO4), 32% hydrochloric acid (HCl), 30% hydrogen peroxide 
(H2O2), absolute ethanol (EtOH), calcium chloride dihydrate (CaCl2·H2O) and 95% 
n-hexane were purchased from Chem-Supply (Australia). L-ascorbic acid was 
purchased from BDH Chemicals (Australia). SYLGARD®184 silicone elastomer 
kit (PDMS) was purchased from Dow Corning (USA) and used as received. 
Graphite powder was purchased from Aladdin Ltd. (China). Kimwipes® tissue 
paper and Scott® facial tissue were purchased from Kimberly-Clark (Australia). 
Hybond® blotting paper was obtained from GE Healthcare Life Sciences (Australia) 




Calcein AM, propidium iodide (PI), PrestoBlue®, Dulbecco's Modified Eagle 
Medium (DMEM) and Non Essential Amino Acid (NEAA) were sourced from 
Invitrogen (USA). Paraformaldehyde (PFA, used as 3.7% solution in PBS) was 
bought from Fluka (USA). Basic fibroblast growth factor (bFGF) was bought from 
PeproTech (USA). Human adipose derived stem cells (ADSCs) were purchased 
from Lonza (Switzerland). 
 
2.3   Adipose derived stem cell culture and differentiation 
ADSC is one of most promising cell types in tissue engineering for its availability, 
ease of handling and maintenance, and abundance of source tissues, altogether 
making it an ideal alternative to other difficult to handle and precious stem cells [1]. 
ADSCs were cultured in growth medium (GR medium), consisting of DMEM 
supplemented with 10% FBS, 1% penicillin-streptomycin, 1% NEAA and 1 ng/ml 
bFGF in a humidified incubator at 37 °C with 5% CO2 atmosphere (Figure 2-1 A). 
The initial cell seeding density was 2 × 104 cells per cm2. GR medium 
supplemented with 50 μM L-ascorbic acid-2-phosphate, 10 nM dexamethasone and 
10 mM β-glycerophosphate were used as osteogenic differentiation medium (DF 
medium) to direct ADSC differentiation towards osteogenic lineage. Mineral 
deposition from osteogenic differentiated ADSCs can be observed in Figure 2-1 B.  
Figure 2-1 ADSCs were cultured in (A) GR medium and (B) DF medium, 





2.4   Synthesis of materials 
2.4.1   Synthesis of graphene  
2.4.1.1   Synthesis of graphene oxide 
Graphene, as an allotrope of carbon, is a monolayer carbon material with 
honeycomb lattice structure exfoliated from graphite (Figure 2-2). Synthesis of 
graphene is achievable via several methods, while chemical synthesis of graphene 
was employed in this thesis. Modified Hummer’s method was used to synthesize 
graphene oxide (GO) from graphite as previously reported (Figure 2-2) [2]. Briefly, 
graphite was oxidized by concentrated sulphuric acid, sodium nitrate and potassium 
permanganate mixture with vigorous agitation in an ice bath. The oxidation process 
took several days at room temperature (RT; 25 °C). To terminate the reaction, 30% 
hydrogen peroxide was added to the mixture. Metal ions in the resultant mixture 
were removed by repeated washing and centrifugation with 1 M hydrochloric acid 
followed by neutralization by washing and centrifugation with water. Further 
purification of the mixture was performed by one week’s dialysis. GO aqueous 
dispersion was prepared by adjusting the concentration of graphite oxide with 
ultrasonication (Unisonics cleaner, Australia). The prepared dispersion was found 














Figure 2-2 Structure and chemical synthesis of graphene. 
 
2.4.1.2   Reduction of GO 
Graphene can be obtained via reduction of GO through several methods, including 
chemical and thermal approaches (Figure 2-3) [3]. Taking feasibility and bionic 
application of obtained product into consideration, chemical reduction of GO with 
L-ascorbic acid solution was employed (Figure 2-3) [4]. Impurities in the reduced 
graphene oxide (RGO) product were removed by washing with distilled water, 
followed by centrifugation (Eppendorf 5702 Centrifuge, Germany) until the pH 
was almost neutral. As-synthesized RGO was subsequently dispersed in water to 






Figure 2-3 Reduction of GO. 
 
2.4.2   Synthesis of graphene-cellulose paper 
Free standing graphene-based papers are attracting increasing attention for the 
intrinsic versatility of graphene [5], with its “smart architecture”, mechanical 
strength [6], flexibility [7] and adaptability for various emerging health and non-
health related applications [8-10]. But the traditional graphene paper fabrication 
process is either costly or time consuming, therefore an efficient graphene-based 
paper fabrication process was developed here to address these challenges. Firstly, 
cellulose based paper substrates were precisely cut into different sizes using a laser 
cutter (ULS PLS6MWLaser Engraver, Australia). Then, different amounts of GO 
aqueous dispersion was deposited onto the paper substrates corresponding to its 
volume, which was subsequently overturned several times using tweezers for 
uniform GO deposition. The resultant GO-coated tissue paper was dried on a 
hotplate and then reduced in 50 mM L-ascorbic acid solution at 80 °C for 3 hrs, 
followed by drying again on a hotplate (Figure 2-4). The obtained RGO coated 












Figure 2-4 Schematic diagram of G-C paper fabrication. 
 
2.4.3   3D “origami-inspired” scaffold fabrication 
In order to mimic the natural 3D extracellular environment in a human body, G-C 
paper-based 3D bio-scaffold was fabricated via an origami-inspired method. 3D 
“origami-inspired” scaffold was constructed by applying G-C paper with 1% (w/w) 
alginate, tightly rolled or folded at the midline, lightly compressed to form cuboid 
(Figure 2-5 A) or cylinder (Figure 2-5 B) constructs, and the scaffolds were fixed 
by cross-linking alginate with Ca2+.  
In order to incorporate stem cells in the construct, ADSCs laden alginate was 
prepared first. ADSC-laden alginate was prepared by suspending cells in 1% (w/w; 
prepared with ADSC GR medium) alginate at a density of 1 x 106 cells per ml. 
Laminate constructs were created by depositing ADSC-laden alginate onto the 


















Figure 2-5 3D “origami-inspired” fabrication of (A) cuboid scaffold and (B) 
cylinder scaffold. 
 
2.4.4   3D reduced graphene oxide/polydimethylsiloxane scaffold fabrication 
PDMS, as one of the most extensively utilised synthetic materials in bionics for 
over 30 years, has shown promise for application in orthopaedic surgery [11, 12]. 
However, in spite of its appealing properties, PDMS structures do not support cell 
adhesion and proliferation well; due to its inherent hydrophobicity and biofouling 
tendency. In order to address this challenge, an efficient 3D RGO/PDMS scaffold 
fabrication technique was developed with improved PDMS surface affinity to cells. 
As shown in Figure 2-6, NaCl slurry was prepared by mixing NaCl particles with 
70% EtOH in a petri dish. The NaCl slurry was heated to obtain the sacrificial salt 
scaffold. Base and curing agents of PDMS were mixed thoroughly and diluted with 
addition of n-hexane. Then the diluted PDMS mixture was added onto the 
sacrificial salt scaffold and cured in the oven, followed by a leaching process of the 
sacrificial scaffold. Dried porous PDMS scaffold was dipped in RGO solution and 










Figure 2-6 Schematic fabrication process of 3D RGO/PDMS scaffold. 
 
2.4.5   3D reduced graphene oxide/alginate scaffold fabrication 
Previously introduced 3D graphene-based scaffold fabrication methods in this 
chapter can only afford scaffolds with random pore size and low electrical 
conductivity. Here, a fabrication method combining modern 3D printing with 
traditional coating technique is introduced, which has more control over 3D 
graphene-based scaffold architecture and properties. 
Alginate (Alg) and gelatin (Gel) were dissolved in water with heating under 
mechanical mixing, and then the Alg/Gel mixture was transferred into a syringe 
barrel (Nordson EFD, USA) with removal of air bubbles inside by centrifugation 
(Thermoline K241 centrifuge, Australia). 
3D Alg/Gel scaffold was fabricated layer-wise by a 3D Bioplotter machine 
(EnvisionTEC GmbH, Germany) (Figure 2-7 A), similar to previous reported work 
[13]. First, Alg/Gel solution was loaded into a syringe barrel with a 200 μm 
diameter nozzle (Nordson EFD, USA) fitted and kept at room temperature (~ 25 °C) 
for at least 12 hr before printing. 3D cubic models (10 mm*10 mm* 2 mm) were 
loaded on the 3D plotter software and 19 layers of Alg/Gel ink were extruded layer-




with strand spacing of 1.5 mm and subsequent layer perpendicular to the previous 
one. Extrusion force was generated by gas pressure, 5 bar air pressure was used for 
Alg/Gel ink plotting. 
3D printed Alg/Gel scaffold (Figure 2-7 B) was cross-linked by immersing in 
CaCl2 aqueous solution. Then Gel component in 3D Alg/Gel scaffold was dissolved 
by being submerged in copious amounts of water with heating. 
The obtained 3D Alg scaffold was wiped with tissue paper to remove surface water 
and loaded with GO solution. Alg scaffold with GO solution was flipped and 
squeezed serval times to aid the uniform deposition of GO on the surface (Figure 
2-7 C). Then the obtained GO/Alg scaffold was dried overnight and reduced in L-
ascorbic acid solution to get 3D RGO/Alg scaffold. 
Figure 2-7 (A) The Bioplotter used for 3D printing. (B) 3D printed Alg/Gel 
scaffolds with different patterns. (C) GO coated 3D Alg scaffolds. 
 
2.5   Fabrication of electrical stimulation devices 
2.5.1   Fabrication of 2D electrical stimulation device 




encouraging osteogenic regeneration via upregulation of extracellular matrix (ECM) 
protein synthesis and enhancement of cellular repair. To this end, a G-C paper-
based 2D ES device was developed here. The synthesised G-C paper was tailored 
into 3 cm x 0.5 cm in size, and then aligned in the middle between a glass slide 
(Sail Brand, China) and polystyrene chamber. Silicone adhesive sealant was 
applied on the interface between them with pressure to assist overnight 
solidification process. Then copper tapes with adhesive backing were attached to 
both sides and the device can then be connected to an electrical stimulator with 
copper wires (Figure 2-8). The G-C paper ribbon under the polystyrene chamber 
cell culture well was about 1 cm in length and 0.5 cm in width, which was the active 









Figure 2-8 Fabricated 2D ES device. 
 
2.5.2   Fabrication of 3D electrical stimulation device 
In order to take advantage of 3D graphene cell support with ES effect, a 3D 
graphene-based ES device was developed here. The G-C paper and 3D GO/Alg 




this chapter. Briefly, cellulose tissue paper (Kimberly-Clark, Australia) with a size 
of 0.5 cm x 2 cm was tailored by use of a laser engraver (ULS PLS6MWLaser 
Engraver) and GO aqueous dispersion was uniformly deposited onto it with heating 
on a hotplate. The coating and heating process of the paper substrate was repeated 
for 3 times totally.  
3D Alg/Gel scaffold (10 mm*10 mm* 2 mm) was fabricated layer-wise by a 3D 
Bioplotter (EnvisionTEC GmbH, Germany) using Alg/Gel bio-ink with a 200 μm 
diameter nozzle (Nordson EFD, USA). CaCl2 aqueous solution was applied for 3D 
printed Alg/Gel scaffold cross-linking with subsequent Gel component dissolution 
in copious amounts of hot water. GO aqueous solution was deposited onto the 
obtained 3D Alg scaffold with flipping and squeezing several times to assist 
uniform deposition of GO throughout the construct.  
As shown in Figure 2-9 A, two 3D GO/Alg scaffold were put onto the top of two 
pieces of GO-cellulose paper and aligned in the middle horizontally with an 
intersection of 0.25 cm on one side of each paper. Between the two 3D scaffolds 
was a GO coated paper with a size of 0.5 cm x 1 cm and intersection of 0.25 cm. 
GO solution was deposited into the intersection areas between 3D and 2D scaffolds 
as adhesive reagent. Then the obtained combined structure of 2D and 3D GO based 
scaffolds, i.e. 3D ES component, was dried overnight at ambient temperature and 
reduced in L-ascorbic acid solution to obtain 3D ES component. The interface 
between 3D GO/Alg scaffold and G-C papers is indicated in Figure 2-9 B. 
The 3D ES component was aligned in the middle between a glass slide (Sail Brand, 
China) and polystyrene chamber with silicon adhesive sealant applied for adhesion 
(Figure 2-9 C). Multiple 3D ES components were connected by copper tapes with 




device with copper wires. 
Figure 2-9 Fabrication of 3D ES component. (A) Schematic fabrication process of 
3D ES component. (B) Photograph of fabricated 3D ES component. (C) Photograph 
of fabricated 3D ES device. 
 
2.6   Physicochemical characterization 
2.6.1   Scanning electron microscopy 
JEOL JSM-7500FA scanning electron microscope (SEM) and JEOL JSM-6490LV 
SEM were employed for material structure characterization in this thesis. GO and 
RGO were prepared as films before characterization. Other materials were 
observed with platinum coating or directly by using a JEOL JSM-6490LV SEM. 
SEM imaging of structures with cells were performed by first fixing samples with 
3.7% paraformaldehyde (PFA) for 30 min followed by immersion in liquid nitrogen 
(LN2) for 30 s. 
 
2.6.2   Raman analysis 




characterization. Raman spectra of materials were measured with a 632.8 nm 
excitation laser and 300-lines mm-1 grating by using a Jobin Yvon Horiba HR800 
Raman spectrometer. 
 
2.6.3   X-ray photoelectron spectroscopy 
SPECS X-ray photoelectron spectroscopy (XPS) was used to characterize surface 
chemical states of synthesized materials. Synthesized GO was prepared as films by 
casting GO aqueous dispersion on glass slides and dried prior to characterization. 
RGO film for characterization was obtained via reduction of GO film by L-ascorbic 
acid. Other materials were characterized directly.  
 
2.6.4   Mechanical analysis 
Mechanical strength is an important factor for scaffolds applied in tissue 
engineering. Tensile and compression tests were conducted with a universal 
mechanical tester (Shimadzu EZ, Japan). Tensile testing was performed on 
cuboid/sheet sample (Figure 2-10). Compression testing was similarly performed 













2.6.5   Electrical resistivity analysis 
Sheet resistance measurement was applied for synthesized RGO based structure 
electrical property characterization. G-C paper sheet resistance was measured by 
using a four-point probe system (Jandel RM3, UK), with every test point measured 
in triplicate. 
For 3D RGO/PDMS scaffold, measurements of sheet resistance were conducted 
according to previously reported method [14]. Briefly, two rectangular aluminium 
electrodes [length: L (m)] were placed in parallel on the sample surface with a 
separation distance of D (m) and a multimeter was used to measure the resistance 
[R (Ω)] between them. Sheet resistance [ρSR (Ω/sq)] of the tested sample was 
defined as: 
 ρSR = R * L/D (1) 
 
2.6.6   Porosity analysis  
Porosity is an important parameter for 3D scaffold characterization, especially for 
a scaffold aimed at bionic applications. For the durable scaffold introduced in the 
thesis, one piece cube-shaped scaffold (weight: M1 (g), volume: V (cm3)) was 
soaked in water and squeezed by tweezers until all the pores in the structure filled 









2.6.7   Rheology 




Viscoelastic property of ink was tested on an AR-G2 rheometer (TA Instruments, 
USA) at room temperature. Ink was prepared 1 day prior to the rheology test and 
characterized by using 2°/15 mm steel cone and plate geometry. Both storage 
modulus (G`) and loss modulus (G``) were measured as a function of angular 
frequency during dynamic frequency sweep. 
 
2.7   Electrochemical characterization 
2.7.1   Cyclic voltammetry 
Cyclic voltammetry (CV), as a potentiodynamic electrical technique, is widely 
applied towards electromaterial interfacial characterization. CV was employed to 
investigate the charge storage capacity of the electrode. The test electrode was used 
as working electrode in a three-electrode system, whereas platinum (Pt) electrode 
and silver (Ag)/silver chloride (AgCl) electrode served as counter electrode and 
reference electrode respectively. The CHI660D potentiostat was connected with the 
three-electrode system and all the tests were carried out in phosphate buffered 
saline (PBS) solution (1X, pH 7.4). For CV test, the potential of the working 
electrode was swept between -1.5 V to 1.0 V with a scan rate of 0.1 V/s. 
 
2.7.2   Electrochemical impedance spectroscopy 
Electrochemical impedance spectroscopy (EIS) has been developed as an efficient 
tool for electrode property investigation. The testing setup was the same as for CV 
testing. EIS measurement was performed between 0.1 Hz to 100 kHz using RMS 
AC signal with an amplitude of 10 mV. 
 




2.8.1   Cell viability analysis 
Cell viability analysis can be used towards material cytocompatibility evaluation, 
with additional information afforded like: cell distribution and morphology on the 
materials. Non-fluorescent calcein AM can be transported through live cell 
membrane and acetomethoxy group in the molecule will be removed by 
intracellular esterase, making the residue molecule to emit a strong green 
fluorescence. Propidium iodide (PI), as a red fluorescent agent, can initiate 
intercalation with DNA, while it cannot come across live cell membrane. So calcein 
AM and PI were used to identify live and dead cells respectively according to the 
manufacturer’s instructions in the present study. Briefly, samples were incubated 
with calcein AM and PI at 37 oC for 30 min, followed by medium replacement. 
Images were acquired using an AxioImager microscope (Zeiss, Germany). 
 
2.8.2   Cell proliferation analysis 
PrestoBlue® reagent, as a resazurin-based solution, is permeable to cell membrane 
and can be reduced to highly fluorescent agent by live cells, which can be applied 
as cell viability assay towards cell quantitative measurement. PrestoBlue® reagent 
was used to quantitatively determine ADSC proliferation according to the 
manufacturer`s instructions. Samples were analysed using a microplate reader 
(POLARstar Omega, Germany) for fluorescence intensity. 
 
2.8.3   Cell osteogenic differentiation analysis 
Mineral, as an important component in bone, serves an essential role in bone 
mechanical strength maintenance. To this end, mineral deposition is considered as 




were fixed in 3.7% paraformaldehyde/PBS solution for 30 min, then rinsed in Milli-
Q water, and stained with 0.6 % Alizarin Red S solution at pH 4.2, followed by 
several time rinsing with water. The stained samples were eluted in 500 µl solvent 
comprising 20% methanol and 10% acetic acid in water for 30 min. The obtained 
solution was transferred into a 96-well plate and screened with a microplate reader 
for absorbance. 
 
2.8.4   Alkaline phosphatase expression analysis of cells 
Alkaline phosphatase (ALP) plays an important role in bone formation and its 
expression is considered as an early marker for osteogenic differentiation. ALP 
activity was quantified by ALP activity assay (Biovision, USA) according to the 
manufacturer’s instructions. In the assay, ALP extracted from live cells can cleave 
the phosphate group from non-fluorescent 4-methylumbelliferyl phosphate 
disodium salt (MUP) substrate to transform it into a strong fluorescent molecule. 
The obtained fluorescent signal is correlated to the amount of ALP. Briefly, studied 
samples were incubated with assay buffer for 30 min followed by addition of 0.5 
mM substrate solution and reaction for 30 min at 25 °C under light-proof conditions. 
Fluorometric analysis was performed by using a microplate reader. 
 
2.8.5   Electrical stimulation of cells 
Electrical stimulation (ES), one of the efficient therapy methods used for centuries 
towards various diseases, has been found capable of promoting self-healing of bone 
tissue and osteogenic differentiation of stem cells over the last few decades [15, 
16]. In the current study, 2D/3D ES was implemented through the as-fabricated 




further sterilized with ultraviolet light for 1 hr. Then the device was ready to use 
after overnight drying in a laminar flow cabinet. A310 Accupulser Digital 
Stimulator (World Precision Instruments, USA) was used to generate stimulation 
waveforms and A365 Stimulus Isolators (World Precision Instruments, USA) was 
used to transform waveforms into current output, while the system was monitored 
by an eDAQ system (eDAQ Pty Ltd, Australia) (Figure 2-11 A, B). ADSCs were 
seeded in the 2D/3D ES devices and cultured in GR/DF medium. ES (symmetric 
biphasic square pulses: 1 V/cm, 1 Hz, 200 ms) was initiated the next day after cell 
seeding. Culture medium was exchanged for fresh medium every 2 days over the 














Figure 2-11 Images of (A) electrical stimulator and (B) typical waveform of 
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Development of porous 3D reduced graphene oxide/polydimethyl-
siloxane scaffold for improved osseointegration 
 
3.1   Introduction 
Orthopedic implants have been widely used to repair bone damage caused by 
trauma or disease. Metal and its alloys are widely used for implant fabrication due 
to their mechanical properties, excellent corrosion resistance and biocompatibility 
[1]. However, metal-based orthopedic implants demonstrate limited 
osseointegration, resulting in bone resorption and post-implant loosening [2, 3]. 
Means to improve the interface between implant surface and surrounding tissue 
have been developed, including increasing surface roughness, chemical surface 
modification, or coating materials [2, 4-8]. However, since osseointegration largely 
relies on two-dimensional (2D) structure manipulation, the majority of approaches 
show poor efficacy. An alternative and perhaps better approach would be to 
develop 3D porous scaffolds for enhanced osseointegration and post-surgical 
recovery.   
As one of the most extensively utilized synthetic materials for biomedical devices 
and implants, PDMS has been widely used in medicine for over 30 years [9]. A 
number of valuable bulk properties, including elasticity, chemical and biological 
inertness, permeability to oxygen, and ease of fabrication make PDMS a promising 
candidate for long-term interfacial coating for orthopedic implants [10]. To 
encourage incorporation of newly formed bone through a PDMS scaffold coating, 




lead to stable integration of the orthopedic implant with surrounding tissue [2]. 
However, notwithstanding its appeal, PDMS scaffolds do not support cell adhesion 
and proliferation well due to its inherent hydrophobicity and biofouling tendency 
[11]. It is therefore critical to render PDMS surfaces hydrophilic for their use as 
cell supporting scaffolds. 
Graphene has attracted much attention since its rediscovery [12] in 2004, due to its 
innate strength, ease of isolation, thermal and electrical properties as well as good 
biocompatibility [13, 14]. Several studies have demonstrated that various graphene-
based materials, such as graphene coating and stand-alone graphene hydrogel, 
improve cell adhesion and proliferation [14], and support stem cell differentiation 
into various lineages, including osteoblasts, neurons, and myocytes [15-17]. In 
addition, graphene has been approved to support bone regeneration in vivo [18]. 
Consequently, strategies based on graphene coating have potential for generating 
PDMS scaffolds with enhanced cytocompatibility. Furthermore, there is a growing 
interest in delivering stem cells with appropriate scaffolds to enhance bone 
formation in critical-sized bone defects [19, 20]. Human ADSCs represent 
excellent candidates; being accessible for autologous transplantation, and able to 
undergo differentiation to osteogenic lineage for bone regeneration [21]. 
Here, we propose a way to fabricate porous, durable and cytocompatible interfacial 
scaffolds via the coating of RGO onto porous PDMS. The fabrication process is 
simple, scalable and efficient. The structure has applicable mechanical strength 
with interconnected pores facilitating vascularization and accessibility of nutrients, 
liquid, and gas for cell support. Moreover, the scaffold supports human ADSC 
proliferation and differentiation to osteogenic lineage, and so demonstrating its 






3.2   Experimental  
3.2.1   Materials 
Natural graphite flakes, sodium nitrate (NaNO3) and sodium chloride (NaCl) were 
purchased from Sigma-Aldrich (USA). 98% sulfuric acid (H2SO4), potassium 
permanganate (KMnO4), 32% hydrochloric acid (HCl), 30% hydrogen peroxide 
(H2O2), absolute ethanol (EtOH) and 95% n-hexane were purchased from Chem-
Supply (Australia). L-ascorbic acid was purchased from BDH Chemicals 
(Australia). SYLGARD®184 silicone elastomer kit (PDMS) was purchased from 
Dow Corning (USA) and used as received. 
 
3.2.2   Synthesis of soluble reduced graphene oxide  
Graphene oxide (GO) was synthesized by a modified Hummer’s method as 
previously described [22, 23]. Briefly, 1 g natural graphite flakes was oxidized by 
mixing with oxidizing agents (50 ml 98% H2SO4, 1 g NaNO3, 6 g KMnO4). The 
reaction was terminated by addition of 30% H2O2. The resulting mixture was 
washed with 1 M HCl followed by distilled water. The obtained graphite oxide was 
exfoliated into GO by 5 h ultrasonication (Unisonics cleaner, Australia). GO was 
reduced by 50 mM L-ascorbic acid solution overnight [24]. Impurities in the RGO 
product were removed by washing with distilled water, followed by centrifugation 
(Eppendorf 5702 Centrifuge; Germany) until the pH was almost neutral. As-
synthesized RGO was subsequently dispersed in water to form a stable 1 mg/ml 





3.2.3   Synthesis of porous 3D reduced graphene oxide/polydimethylsiloxane 
scaffold  
As shown in Figure 3-1, 30 g NaCl was added into a 90 mm diameter petri dish 
followed by mixing with 10 ml 70% EtOH. The NaCl solution was heated at 95°C 
for 30 min with further removal of moisture at 60 °C for 10 h. Base (10 g) and 
curing (1 g) agents of PDMS were mixed thoroughly and 2.02 ml hexane was used 
to dilute the PDMS mixture. Then 5.5 g diluted PDMS mixture was combined with 
pre-cooled NaCl scaffold (4 °C) in a petri dish and maintained at 4 °C for 12 h 
followed by curing of the PDMS at 60 °C for 5 h and leaching of sacrificial NaCl 
scaffold in 50 - 60 °C water for 3 days. Dried porous PDMS scaffold was dipped 
in 1 mg/ml RGO solution and dried at 60 oC for 1 h, with the process repeated twice 
more, followed by 2 h drying. After final drying, the scaffold was cut into a desired 
















Variation of coating times (up to 6 times) of RGO was conducted for optimization. 
After a 3rd coating of RGO, the conductivity of the RGO/PDMS scaffold reached 
peak value and the morphology of the coated RGO layer was fully covered 
throughout the whole scaffold (Figure 3-2). Therefore, 3 coatings of RGO were 
deemed optimal and utilized for the subsequent fabrication of RGO/PDMS 
scaffolds. 
 
Figure 3-2 After 3 times coating, RGO was fully deposited throughout the whole 
scaffold. 
 
3.2.4   Scanning electron microscopy  
The morphology of synthesized RGO and structural features of RGO/PDMS 
scaffold were characterized by using a JEOL JSM-7500FA Scanning Electron 
Microscope (SEM) and JEOL JSM-6490LV SEM respectively. For 
characterization of the scaffold with cells, freeze-dried samples were coated with 
platinum (15 nm) using an Edwards sputter coater and then assessed with the JEOL 
JSM-6490LV SEM. 
 
3.2.5   Porosity analysis  




soaked in water and squeezed by tweezers until all the pores in the structure filled 
with water (total weight: M2 (g), water density: ρ (g/ml)). Porosity of the scaffold 
was calculated by using equation (2). 
 
3.2.6   Raman analysis 
Raman spectroscopy of synthesized RGO and 3D RGO/PDMS scaffolds was 
performed using a Jobin Yvon Horiba HR800 Raman spectrometer with a 632.8 
nm excitation laser and 300-lines mm-1 grating.  
 
3.2.7   Mechanical analysis 
Tensile and compression tests were conducted with a universal mechanical tester 
(Shimadzu EZ, Japan). Tensile testing was performed on a rectangular sample 
(gauge length: 10 mm, width: 10 mm, thickness: 3 mm). Compression testing was 
similarly performed on rectangular samples (gauge length: 10 mm, width: 10 mm, 
thickness: 3 mm; Figure 3-3).  






3.2.8   Electrical analysis 
Measurements of sheet resistance for the samples were conducted according to the 
published method [25, 26]. Briefly, two rectangular aluminium electrodes [length: 
L (m)] were placed in parallel on the sample surface with a separation distance of 
D (m) and a multimeter was used to measure the resistance [R (Ω)] between them. 
Sheet resistance [𝜌𝑆𝑅 (Ω/sq)] of the tested sample was calculated by using equation 
(1). 
 
3.2.9   Cell culture  
Human ADSCs were purchased from Lonza, Australia. Gibco Dulbecco’s 
Modified Eagle Medium (DMEM), foetal bovine serum (FBS), 100x penicillin-
streptomycin, 100x Non-Essential Amino Acids Solution (NEAA), basic fibroblast 
growth factor (bFGF) were obtained from Thermo Fisher (Australia). 
ADSCs were cultured in DMEM supplemented with 10% FBS, 1% penicillin-
streptomycin, 1% NEAA and 1ng/ml bFGF in a humidified incubator at 37 °C with 
5 % CO2 atmosphere. The initial cell seeding density was 2x104 cells per cm2. 
 
3.2.10   Cell differentiation 
Osteogenic differentiation medium (DF medium) of ADSC was induced by growth 
medium (GR medium) supplemented with 50 μM ascorbic acid, 10 nM 
dexamethasone and 10 mM β-glycerophosphate [27]. Cuboid 3D samples 
(Dimensions: 10.0 mm × 10.0 mm × 3.5 mm) and rectangular 2D samples 
(Dimensions: 10.0 mm × 10.0 mm) were used for the testings. ADSCs were seeded 
on the top of 2D and 3D samples (5 x104 cells per scaffold) in GR medium for 24 




Samples were subsequently fixed in 3.7 % paraformaldehyde/PBS solution for 30 
min. After being rinsed in Milli-Q water, the samples were stained with 0.6 % 
Alizarin Red-S solution at pH 4.2 for 20 min at room temperature followed by 
extensive washing with water. The stained samples were eluted in water with 20% 
methanol and 10% acetic acid for 30 min, and 200 µl eluted solution of each sample 
was transferred to the well of a 96-well plate, screened with a microplate reader 
(POLARstar Omega) at 405 nm for absorbance measurements. 
 
3.2.11   Cell proliferation and Live/Dead cell analyses 
ADSC proliferation was studied using PrestoBlue® (Thermo Fisher, Australia) cell 
viability reagent in accordance with the manufacturer`s protocol. Same amount of 
cells were seeded on 2D and 3D scaffolds (Dimensions identical to differentiation 
samples, 0.025 million/scaffold) for the testing. Cells were evaluated 1, 3, 5, and 7 
days after cell seeding with samples studied in triplicate for each time point using 
a microplate reader (POLARstar Omega) at 544 nm for fluorescence intensity. 
Following screening, samples were transferred to GR medium for further 
characterization.  
Calcein AM (5 μg/ml; Thermo Fisher, Australia) and propidium iodide (PI; 1 
μg/ml; Thermo Fisher, Australia) were used as live and dead cells assay 
respectively, as per manufacturer’s instructions. Briefly, samples were incubated 
with Calcein AM and PI at 37 oC for 5 min, followed by a media change. 






3.2.12   Alkaline phosphatase assay 
Cuboid 3D samples (Dimensions: 5.0 mm × 5.0 mm × 3.5 mm) and rectangular 2D 
samples (Dimensions: 5.0 mm × 5.0 mm) were used for the testings. ADSCs were 
seeded on 2D and 3D scaffolds (104 cells/scaffold) and bathed with DF medium. 
Medium was changed every 2 days of cell culture. Following 1, 3, 5, 7 days of 
differentiation, alkaline phosphatase (ALP) activity was evaluated by using an ALP 
activity assay in accordance with the manufacturer’s instructions (Biovision, USA). 
Briefly, 3D and 2D scaffolds were incubated in 600 µl and 300 µl Assay Buffer 
respectively for 1 h. For each sample, the supernatant of the lysis solution was 
mixed with 0.5 mM substrate solution for 30 min at 25 °C in a light-proof 
environment. The formation of fluorometric substrate was measured at Ex/Em = 
360nm/440nm by using a microplate reader (POLARstar Omega). 
 
3.2.13   Statistical analysis 
All data are expressed as mean ± standard deviation (SD) unless specified. A two-
way ANOVA with Bonferroni post hoc test (OriginPro 2015) was used for 
comparison. Homogeneity of variance tests (Brown-Forsythe Test) were performed 
to confirm statistical assumptions for two-way ANOVA were satisfied. If 
homogeneity of variance was satisfied (P > 0.05), statistical significance of two-
way ANOVA was set at P < 0.05. If homogeneity of variance was not satisfied 
(P < 0.05), statistical significance of two-way ANOVA was set at P < 0.01. 
 
3.3   Results and discussion 
3.3.1   Material characterization 




detailed above, and the dispersion was found to be stable over a period of at least 4 
weeks. The RGO dispersion was dried on a glass slide for SEM imaging. Graphene 
layered structures were observed by SEM with the lateral size of graphene being 
more than 6 μm (Figure 3-4 A, B). As shown in Figure 3-4 C, the Raman spectrum 
shows a typical D band (~1330 cm-1) and G band (~1590 cm-1) attributed to RGO, 
whereby the D band relates to aromatic structure and G band relates to the degree 
of graphitization [28]. The ratio of D to G band (ID/IG) was 1.36, indicating a 
defect induced in the synthesis process comparable with previous reports [28, 29]. 
Figure 3-4 Characterization of synthesized RGO. (A, B) SEM images of RGO at 
low and high magnification, respectively. (C) Raman spectra of RGO film. 
 
RGO/PDMS scaffolds were mechanically robust and porous structures (Figure 3-
5 A, C) with fully coated RGO (Figure 3-5 B, D). Pore sizes varied from 10 - 600 
μm and the porosity of the structure was calculated to be 63 ± 7%. ID/IG value for 
3D RGO/PDMS scaffold was 1.30, which indicates negligible defects induced 













Figure 3-5 Porosity of 3D PDMS and RGO/PDMS scaffolds. (A, B) 
Photomicrographs of porous PDMS and RGO/PDMS structures, respectively; (C, 
D) Low and high magnification SEM images of graphene coated porous PDMS 
scaffold, respectively.  
 
Both RGO/PDMS and PDMS scaffolds showed good resistance to compression 
and tensile stress. The RGO/PDMS scaffold was stable for over 100 x compressions 
for a strain in excess of 93 % (Figure 3-6 A, B), whereby the peak stress value was 
three times higher than that of PDMS scaffold with same compression strain 
(Figure 3-6 D). RGO/PDMS scaffold also has a maximum elongation ratio of 0.85-
0.90 with tensile strength of 81.05 kPa (Figure 3-6 C). The peak stress value was 
11% higher than that of PDMS scaffold with similar elongation ratio (Figure 3-6 
E). Hence, RGO coating increased the mechanical strength of the PDMS scaffold. 
The relatively lower mechanical strength compared with metal/metal alloy implant 
and bones supports the scaffolds role as a robust cushion layer between implant and 




Electrical sheet resistance of the RGO/PDMS scaffold was about 300 kΩ/sq, which 
may have resulted from the mild reduction environment for RGO, complicated 
inner porous architecture of the 3D PDMS substrate, and high contact resistance 
between graphene layers [30, 31].  
Figure 3-6 Mechanical testing of (A-C) 3D RGO/PDMS and (D, E) 3D PDMS 
scaffolds at 10 mm/min under ambient conditions. (A, D) Mechanical response 
over time of specimen for 100 times compression. (B) Mechanical response over 
strain of specimen for 10 times compression (inset: mechanical response over time 





3.3.2   Cell culture and differentiation  
The cytocompatibility of PDMS and RGO/PDMS scaffolds was initially 
investigated by assessing ADSC viability. Calcein-AM and propidium iodide 
staining indicated high cell viability following 10 days culture on PDMS and 
RGO/PDMS scaffolds (Figure 3-7 A, B). Cytocompatibility of the RGO/PDMS 
scaffolds is consistent with previous reports of graphene cell support [32, 33]. Cell 
adhesion was indicated by an abundance of filopodia across the surface and into 
pores of RGO/PDMS compared to PDMS scaffolds (Figure 3-7 C, D).  
Figure 3-7 Survival of ADSCs on 3D RGO/PDMS scaffold. (A, B) Fluorescence 
microscope images of live (Calcein AM; green), and dead (propidium iodide; red) 
ADSCs cultured on porous PDMS and RGO/PDMS structures, respectively 
following 10 days culture; (C) SEM images of ADSCs on RGO/PDMS scaffold 
surface, and (D) inside the scaffold after less than 24 h culture. Cells are indicated 




RGO/PDMS film was fabricated according to a reported method [34] and used to 
compare cell proliferation for 2D planar cell culture verses the 3D scaffolds. As 
shown in Figure 3-8, 3D scaffolds enhanced cell proliferation between days 3 and 
5 of culture, with the rate of increase diminishing rapidly thereafter for 3D PDMS 
but more slowly for 3D RGO/PDMS. Statistical analysis indicated that day (F (3, 
24) = 11.60, P < 0.0001) has significant effect on cell proliferation, but not the 
scaffold (F (2, 24) = 0.52, P = 0.603) and the interaction of scaffold and day 
(Overall two-way ANOVA, F (6, 24) = 2.13, P = 0.086). Specifically, Bonferroni 
post hoc analysis indicated that cell numbers of 3D RGO/PDMS on day 5 was 
significantly higher than that on day 1 (P < 0.05; Figure 3-8). Overall, these data 
demonstrate that 3D RGO/PDMS scaffolds are biocompatible and able to support 
ADSC growth. The efficacy of 3D RGO/PDMS may be due to a combination of 
3D culture more closely resembling the natural niche and mildly reduced graphene 
oxide being relatively hydrophilic [35].  
Higher calcium deposition was measured for cells differentiated for 3 weeks on 3D 
RGO/PDMS scaffold, with low to negligible levels expressed by cells on 3D 
PDMS, 2D RGO/PDMS and negative controls (Figure 3-9 A-C). Statistical 
analysis revealed there was a significant effect of scaffold (F (2, 12) = 246.36, 
P < 0.0001) and culture medium (F (1, 12) = 201.19, P < 0.0001), as well as the 
interaction between scaffold and culture medium (Overall two-way ANOVA, F (2, 
12) = 143.82, P < 0.0001). Particularly, Bonferroni-post hoc analysis revealed that 
mineral deposition on the 3D RGO/PDMS scaffold in DF medium was significantly 
higher compared to all the comparisons, while samples cultured in DF medium 
have significantly higher calcium deposition compared to samples in GR medium 




induction to osteogenic lineage without additional chemical inducers; consistent 
with previous reports of graphene and 3D biomaterial scaffolds being conducive to 
bone engineering [36, 37]. Presently, the higher calcium content of 3D RGO/PDMS 
may be due to the synergistic effect of graphene and 3D culture supporting 
osteogenic differentiation. Importantly, after 3 weeks of differentiation, 
RGO/PDMS scaffolds remained intact and without deformation, which is 
necessary for longer-term cell support and tissue formation in vitro or in vivo [38], 
and more durable than previously reported biodegradable porous scaffolds for 











Figure 3-8 ADSC proliferation on 3D RGO/PDMS scaffold. Average percentage 
increase of fluorescence intensity (relative to day 1 average value of 3D 
RGO/PDMS samples) over time as an indicator of cell proliferation for cells on 
different 3D scaffolds and 2D culture (control). Mean ± standard deviation, n=3, P 






Figure 3-9 Mineral deposition of differentiated ADSCs on 3D RGO/PDMS 
scaffold. Alizarin Red S staining of calcium deposition for ADSCs differentiated 
for 3 weeks on (A) RGO/PDMS porous scaffold and (B) PDMS scaffold in DF 
medium; (C) Quantification of calcium deposition using Alizarin Red S staining. 
Mean ± standard deviation, n=3, P < 0.01 (3D RGO/PMDS DF medium vs all the 
other comparisons).  
 
Expression of early osteogenic differentiation cell marker ALP was significantly 
higher for 3D scaffolds than 2D RGO/PDMS film (P < 0.05), with the 3D 




PDMS scaffold (Figure 3-10). Statistical analysis revealed there was a significant 
effect of scaffold (F (2, 24) = 36.65, P < 0.0001) and day (F (3, 24) = 18.97, 
P < 0.0001), as well as the interaction between scaffold and day (Overall two-way 
ANOVA, F (6, 24) = 4.29, P < 0.005). Upregulation of ALP peaked on day 3 for 
3D RGO/PDMS scaffold, and day 5 for 3D PDMS scaffold. The peak value of ALP 
expression for 3D RGO/PDMS scaffold was 0.13 fold and 2.1 fold higher than 3D 
PDMS and 2D RGO/PDMS respectively. Again, our findings are consistent with 
previous reports of RGO and 3D cell culture being beneficial to osteogenic 












Figure 3-10 ALP activity upregulation of ADSCs on the 3D RGO/PDMS scaffold. 
Upregulation of the ALP activity of ADSCs on the 3D RGO/PDMS, 3D PDMS and 
2D RGO/PDMS for 1, 3, 5, 7 days. Mean ± standard deviation, n=3, P < 0.05 (3D 
RGO/PDMS and 3D PDMS vs 2D RGO/PDMS; 3D PDMS day 5 vs day 7; 2D 





3.4   Conclusion 
We have developed a scalable, simple and efficient method of fabricating durable, 
biocompatible, porous 3D RGO/PDMS scaffolds. The approach includes the use of 
salt porogen and subsequent dip-coating methods. The scaffold was highly porous 
while being mechanically robust. Moreover, we have demonstrated scaffold 
cytocompatability, extending to ADSC culture and subsequent osteogenic 
differentiation. Taking the conductivity of 3D RGO/PDMS into consideration, 
there is the potential to electrically stimulate cells via the scaffold. By enabling 3D 
support of ADSC culture and differentiation within a mechanically robust and 
flexible structure, the scaffold has the potential to be used as a transition layer for 
improved osseointegration in orthopedic surgery. In addition, it may be adapted for 
synthesis of various other tissue types in vitro and in vivo for both research and 
clinical use. 
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Assembly of robust and conductive smart graphene-cellulose paper 
and its application for bone tissue engineering 
 
4.1   Introduction 
In the United States and Europe alone, there are more than 1 million bone-grafting 
operations annually [1]. Bone health is a major problem globally, with critical-size 
bone defects commonly caused by trauma, tumours, infection and congenital 
disorders, requiring costly surgical interventions for reconstruction and significant 
time thereafter for healing. Increasingly the process entails use of biomaterials with 
appropriate mechanical properties, degradability, and biocompatibility with 
exogenous cells and/or host tissues to promote bone regeneration.  
Bone tissue engineering has significant potential for osseous reconstruction and 
restoration of function [2, 3]. Synthesized biomaterial-based scaffolds are of 
paramount importance, serving as templates during the engineering process, where 
cells are directed to a designated lineage and/or sustained for grafting.  Scaffold 
materials can be naturally derived or synthetic, but the completed construct need to 
be economical to produce, bioresorbable, osteoconductive, osteoinductive, 
mechanically similar to natural bone, and easy to graft. 
Free standing graphene papers are attracting increasing attention for the intrinsic 
versatility of graphene [4, 5], with its “smart architecture”, mechanical strength [6], 
flexibility [7] and adaptability for various emerging health and non-health related 
applications [6-10]. More specifically, graphene papers have shown great promise 
for tissue engineering [6, 11], batteries [12], thermal management platforms [13] 




(2D) sheet of bonded carbon atoms provides abundant π electrons with various 
functional groups for electrical conductivity, bioactive molecule adsorption, 
biomimetics [18, 19] and the capacity for layering of 3D tissue regeneration [11, 
20]. Interestingly, graphene, without any osteogenic inducers, can promote 
osteogenic differentiation of several stem cell types, including human 
mesenchymal stem cells [21], ADSCs [22], periodontal ligament stem cells [23], 
and induced pluripotent stem cells [24]. Moreover, the conductive nature of 
graphene makes it ideal for electric current delivery via capacitive charge injection 
for “excitable” (eg. neural) or “non-excitable” (eg. osteogenic) tissue stimulation 
[25-27].  
Vacuum filtration [6, 10, 28] is the major technique for graphene paper fabrication, 
while other methods include bottom-up chemical vapor deposition (CVD) [29, 30], 
dip/spin coating [31], spraying [31], and layer-by-layer (LBL) assembly [32]. 
Every method has its own limitations with vacuum filtration being time consuming 
[28], spraying requiring expensive equipment, and other methods not amenable for 
large-scale production and/or clinical product development. Importantly, 
graphene/cellulose papers with high electrical and mechanical performances have 
been described [33-35], together with fabrication of carbon nanotube/graphene 
paper by coating method [36]. While involved, these and other highly elaborate 
methods set the stage for next generation “green” and simpler approaches that may 
include incorporation of materials used for more conventional paper manufacture 
and fabrication of clinically-compliant 3D tissue scaffolds [37, 38]. For example, 
the 3D architecture of microfibrous cellulose paper may be combined with 
graphene for bone regeneration and other related tissue/organ engineering.  




a diversity of therapeutic applications in regenerative medicine [39]. Specific cues 
provided by extracellular matrix (ECM) or scaffold guide ADSCs for osteogenic 
differentiation, as well as adipogenic, neurogenic and chondrogenic cell lineages 
[40]. Hydrogel scaffolds are most widely used for ADSC support, being 
hydrophilic polymers that have modifiable chemical properties, biocompatibility, 
and bioactivity, are permeable to cell metabolites, oxygen and other essential 
nutrients [41]. However, the relative soft nature of hydrogels makes them 
unsuitable for applications where a substantial mechanical competence is needed 
and, while their stiffness can be increased by affecting parameters such as density 
of crosslinking, obtaining the desired rigidity while sustaining cell growth is not 
always achievable.  
In this chapter, an efficient fabrication method of conductive graphene-cellulose 
(G-C) paper and its suitability for human cell and tissue support was verified by 
ADSC culture and differentiation for bone tissue engineering. Unlike other 
methods, the fabrication process is based on simple immersion-deposition method 
for GO coating of cellulose tissue paper and green reduction to RGO, requiring no 
other materials or specialist equipment. The RGO layer is uniformly distributed 
over the cellulose substrate with many vertical pores throughout the structure. 
Electrical resistance of the G-C paper can be tuned by RGO coating, with 5 layers 
providing ~300 ohm/sq conductivity. The RGO paper also showed excellent 
cytocompatibility, providing long-term support of ADSC proliferation (up to 35 
days) and promoting osteogenic differentiation. Finally, G-C papers can be 
configured to form 3D scaffolds by lamination with ADSCs encapsulated in 






4.2   Experimental 
4.2.1   Reagents and materials 
Graphite powder was purchased from Aladdin Ltd. (China). Kimwipes® tissue 
paper and Scott® facial tissue were purchased from Kimberly-Clark (Australia). 
Hybond® blotting paper was obtained from GE Healthcare Life Sciences 
(Australia) and Advantec® filter paper was acquired from Advantec MFS, Inc. 
(Japan). Alginic acid sodium salt (alginate; Medium viscosity ≥ 2000 cP) was 
sourced from Sigma-Aldrich (USA). Other reagents and materials used are listed 
in the corresponding part of Chapter 3. 
 
4.2.2   Synthesis of graphene oxide 
Modified Hummers method was used to synthesize GO from graphite as previously 
reported [42]. Briefly, 150 ml concentrated sulfuric acid and 2 g graphite was 
placed in a beaker under magnetic stirring in an ice bath, followed by gradual and 
successive addition of 1.0 g sodium nitrate, 5 g potassium permanganate over a 
period of 1 hour under vigorous agitation. The reaction system was subsequently 
kept at room temperature (RT; 25 °C) for 5 days with constant stirring, after which 
300 ml 5% sulfuric acid solution was added, followed by heating at 90 °C for 2 
hours. After cooling to RT, 10 ml 30% hydrogen peroxide was added to the mixture 
and stirred for 1 hour. Metal ions in the resultant mixture were removed by repeated 
washing and centrifugation with 1 M hydrochloric acid and then neutralizing by 
washing and centrifugation with water. Further purification of the mixture was 
performed by 1 week’s dialysis. 4.5 mg/ml GO aqueous dispersion was prepared 




(Unisonics cleaner, Australia). The prepared dispersion was found to be stable for 
more than half year. 
 
4.2.3   Fabrication of paper scaffolds 
Kimwipes® and Scott® tissues, Hybond® blotting paper, and Advantec® filter 
paper were tested as substrates for graphene-coated paper fabrication. Schematic 
diagram of the fabrication process is demonstrated in Figure 4-1. The papers were 
precisely cut to 1 cm x 1 cm size using a laser cutter (ULS PLS6MWLaser 
Engraver), with the laser also employed for generating micro-hole structures (~200 
μm diameter) in paper for patterning studies. 10, 30 or 50 μl of 4.5 mg/ml GO 
aqueous dispersion was deposited onto a paper substrate, which was subsequently 
overturned several times using tweezers for uniform GO deposition (Table 4-1). 
The resultant GO-coated tissue paper was placed on a glass slide and dried at 100 
°C for 2 min using a hotplate and then reduced in 50 mM L-ascorbic acid solution 
at 80 °C for 3 hr [43] followed by drying again at 100 °C on a hotplate.  
 
4.2.4   X-Ray photoelectron spectroscopy 
SPECS X-Ray photoelectron spectroscopy (XPS) was used to characterize surface 
chemical states of synthesized graphene and G-C paper related materials. 
Synthesized GO was prepared as films by casting GO aqueous dispersion on a glass 
slide and dried prior to characterization. RGO film was obtained via reduction of 




Figure 4-1 Assembly of G-C paper. 
 




Amount of GO solution 
used per coating (μl) 
Kimwipes® tissue paper 51.6 10 
Scott® facial tissue paper 55.3 10 
Hybond® blotting paper 372.0 50 
Advantec® filter paper 208.0 30 
 
4.2.5   Mechanical analysis 
Tensile tests of G-C paper and uncoated (U-C) paper were conducted on rectangular 
samples (gauge length: 10 mm, width: 5 mm, thickness: 0.05 mm, Figure 4-2) 












Figure 4-2 Setup for mechanical testing of G-C paper. 
 
4.2.6   Cell-encapsulation in alginate and lamination with paper substrates 
ADSC-laden alginate was prepared by suspending cells in 1% (w/w; prepared with 
ADSC growth medium (GR medium)) alginate at a density of 1 x 106 cells per ml. 
Laminate constructs were created by deposition of 30 μl ADSC-laden alginate onto 
the upper surface of each layer of G-C or U-C papers (planar size: 1.0 cm x 1.0 cm) 
and assembled to form a stack. Constructs were then doubled over by folding at the 
midline, lightly compressed, and the alginate crosslinked by immersion in 2% 
(w/w) CaCl2 solution for 30 s. 
Cylinder shaped constructs were formed from G-C paper (planar size: 1.0 cm x 1.0 
cm) coated with 1% (w/w) alginate, tightly rolled to form a cylinder and again, the 
alginate crosslinked by immersion in 2% (w/w) CaCl2 solution for 30 s.  
For characterisation, as-fabricated constructs were transected using a surgical blade 
for cross-sectional image-based analysis using a Leica M205A stereomicroscope. 
In addition, further characterisation of constructs by, for example, Live/Dead 





4.2.7   Cell proliferation analysis 
PrestoBlue® (Thermo Fisher, Australia) cell viability reagent was used for 
quantitative determination of ADSC proliferation according to the manufacturer`s 
protocol. Cell seeding number was 5 x 103 cells per 2D G-C paper (1cm x 1cm). 
Samples with cells were studied in triplicate for each time point using a microplate 
reader (POLARstar Omega, Germany) at Ex/Em = 544/590-10 nm for fluorescence 
intensity.  
 
4.2.8   Alizarin Red S assay 
GR medium supplemented with 50 μM L-ascorbic acid-2-phosphate, 10 nM 
dexamethasone and 10 mM β-glycerophosphate were used as osteogenic 
differentiation medium (DF medium) for ADSC cell osteogenic differentiation 
induction [44]. ADSCs were seeded onto a 1cm x 1cm G-C paper at 2.5x104 cells 
per scaffold density in GR medium overnight, followed by replacement of DF 
medium. Medium was then changed every 2 days. After 3 weeks culturing, samples 
with differentiated cells were subsequently fixed in 3.7% paraformaldehyde/PBS 
solution for 30 min. Then fixed samples were rinsed in Milli-Q water and stained 
with 0.6 % Alizarin Red S solution at pH 4.2 for 20 min at room temperature 
followed by copious water rinsing. The stained samples were soaked in 20% 
methanol and 10% acetic acid water solution for 30 min, and eluted solution of each 
sample was transferred to the wells of a 96-well plate, screened with a microplate 
reader (POLARstar Omega, Germany) at 535 nm for absorbance. Same testing 





4.2.9   Alkaline phosphatase assay  
ADSCs were seeded onto tested structures with 2.5 x 104 cells per structure (planar 
size: 1.0 cm x 1.0 cm) and bathed in GR or DF medium correspondingly. During 
the cell culture process, culture medium was changed every 2 days. Alkaline 
phosphatase (ALP) activity was quantified using commercial ALP activity assay 
(Biovision, USA) according to the manufacturer’s instructions on day 1, 3, 5 and 7 
during cell culture. Briefly, 300 μl Assay Buffer was added into cell culture 
chamber with incubation time of 30 min. 0.5 mM substrate solution was added into 
the obtained lysis solution with reaction time of 30 min at 25 °C with light-proofing 
using an aluminium foil. The fluorometric resultant molecule concentration was 
assessed at 360 (ex)/440 (em) nm, using microplate reader (POLARstar Omega, 
Germany). Same testing procedures were applied towards 3D scaffolds. 
 
4.2.10   Statistical analysis 
All values are presented as mean ± standard deviation (SD), unless otherwise 
specified. Statistical analyses were performed in OriginPro 2015 using two-way 
ANOVA with Bonferroni`s post-hoc test. Homogeneity of variance tests (Brown-
Forsythe Test) were performed to confirm that the statistical assumptions for two-
way ANOVA performing were satisfied. Where homogeneity of variance was met 
(P > 0.05), statistical significance of two-way ANOVA was set at P < 0.05, whereas 
failure to satisfy equal variance (P < 0.05) required increased stringency of two-
way ANOVA with statistical significance set at P < 0.01. 
 




4.3.1   Material characterisation 
Microstructure and morphology of RGO were investigated by SEM (Figure 4-3 A, 
B). SEM revealed a silk-like structure of RGO with wrinkling, and formation of 
layered graphene structures [45]. The lateral dimension of the RGO sheets typically 
ranged from 100 to 300 µm. Raman spectra demonstrated two typical carbon 
material related bonds [D (∼1330 cm−1) and G (∼1580 cm−1)] (Figure 4-3 C, E). 
The D band, which is attributed to the breathing mode of k-point phonon of A1g 
symmetry, is a reflection of disorders and defects of the graphene structure. The G 
band is attributed to the degree of graphitization, which is assigned to the E2g 
phonon of sp2 hybrid carbon bonds [46]. Intensity ratio of D and G bands (ID/IG) 
for RGO is ∼1.56 and for GO is ∼1.11, which indicate defects introduced during 
the GO synthesis process and reduction process of GO to RGO accomplished by L-
ascorbic acid [47]. The presence of oxygen-containing functional groups on RGO 
and GO were investigated by XPS, and corresponding results are shown in Figure 
4-3 D, F. C 1s signals in these spectra can be deconvoluted into five peaks, which 
are ascribed to C=C (sp2 bonded carbon, 284.8 eV), C-C (sp3 bonded carbon, 285.6 
eV), C-O (epoxy/hydroxyl, 286.8 eV), C=O (carbonyl, 287.8 eV) and O-C=O 
(carboxyl, 289.1 eV) correspondingly. Reduction with L-ascorbic acid reduced GO 
with 71.9 % oxidized carbon to RGO with 37.0 % oxidized carbon, suggesting that 





Figure 4-3 Characterization of synthesized RGO and GO. (A, B) SEM image of 
RGO structures at different magnification. (C) Raman spectra of RGO film. (D) 
XPS spectra of C 1s of RGO film. (E) Raman spectra of GO film. (F) XPS spectra 





As shown in Figure 4-4 A-D, graphene can be uniformly deposited onto a variety 
of paper substrates with different microstructures and geometry via single coating 
process, indicating that the coating method is broadly applicable and efficient. 
Nonetheless, for practical purposes subsequent studies were limited to Kimwipes® 
tissue paper. 
Figure 4-4 Surface characterization of (A) Kimwipes® tissue paper, (B) SCOTT® 
facial tissue paper, (C) Hybond® blotting paper and (D) Advantec® filter paper. 
From top to bottom: photo images of U-C papers, GO coated papers, RGO coated 
papers and SEM images of RGO coated papers. 
 
Coating with different concentrations and over different time-courses of GO were 
conducted to determine optimal G-C paper morphology and conductivity. As 
shown in the Figure 4-5 A, the conductivity of G-C paper decreases with increased 
coating time, while a single immersion coating with 4.5 mg/ml GO dispersion 




dispersion. 3 coatings with 4.5 mg/ml GO resulted in a sheet resistance of ~390 
ohm/sq (Figure 4-5 A, blue asterisked), while 5 coatings produced a sheet 
resistance of ~300 ohm/sq. Regardless of the number of immersion coatings with 
4.5 mg/ml GO dispersion, the resultant G-C papers all exhibited a uniform outer 
layer with original paper structural features (Figure 4-5 B). These findings support 
the potential application of G-C papers for its electrical conductivity. 
 
 
Figure 4-5 (A) Sheet resistance of G-C paper with different coating times and 
concentrations of GO solution. (B) Morphology of G-C paper with different coating 
time while using 4.5 mg/ml GO solution. 
 
The influence of GO coating on the mechanical strength of U-C paper was 
investigated by measuring tensile stress with a mechanical tester. After coating, the 
tensile strength of U-C paper increased 76.5 % (Figure 4-6). The increased strength 
may be due to the intrinsic strength of the graphene and the associated maintenance 
of the mechanical integrity of cellulose fibres [35]. Moreover, the G-C paper had a 















Figure 4-6 Mechanical testing of G-C paper and U-C paper at 10 mm/min under 
ambient conditions. Geometry of the testing samples is: total length: 1.5 mm; gauge 
length: 1cm; width: 5 mm. 
 
4.3.2   2D cell culture and differentiation 
In vitro cytocompatibility and cell morphology on G-C paper and in 3D alginate/G-
C paper construct were investigated by fluorescence microscopy and SEM, 
respectively. As shown in Figure 4-7 A and B, both papers were cytocompatible, 
although a significantly higher cell density was measured for G-C paper compared 
to U-C paper. Good cell adhesion and compatibility on G-C paper are consistent 
with previously reported graphene-based cell substrate [48].  
ADSCs encapsulated within alginate on G-C paper showed good viability (Figure 
4-7 C), supportive of applying cell-laden alginate as an adhesive layer between G-
C papers [49]. Figure 4-7 D illustrates cell adhesion on G-C paper with extended 
filopodia for attachment to the paper fibres. 3D laminated constructs comprised 
viable cells with ADSCs clearly evident at the hydrogel-paper interface 





Figure 4-7 Survival of ADSCs on G-C paper. (A, B) Live (Calcein AM; green), 
and dead (propidium iodide; red) ADSC staining following culture for 7 days on 
G-C paper and U-C paper respectively. (C) Live and dead cell staining of alginate 
encapsulated ADSCs on G-C paper after 7 days of culture. (D) SEM image of 
ADSCs on G-C paper, and (E, F) SEM of ADSC containing laminate construct 
following 1 day culture (cells are highlighted with red circles) at low and high 
magnification. 
 
As shown in Figure 4-8 A, ADSCs were viable after 42 days culture in laminate 
cell-containing G-C paper construct, with cells at the gel-paper interface clearly 




directly deposited on paper without hydrogel, while the alginate encapsulated 
ADSCs detached from the 3D cell-containing U-C paper construct, with few cells 
remaining (Figure 4-8 B). The hybrid 3D ADSCs/alginate/G-C paper construct 
showed even better cell viability than ADSCs/alginate alone (Figure 4-8 C), 
indicating the benefit of G-C paper for cell support [50]. Following 42 days culture, 
the G-C papers remained intact and without any apparent structural deformation, 
indicative of their durability for longer term application. 
Figure 4-8 Long-term ADSC supporting in laminate paper constructs. Live 
(Calcein AM; green), and dead (propidium iodide; red) cell staining of unfolded 
ADSCs containing constructs with cells on (A) G-C paper and (B) U-C paper, or 
on (C) structure without paper substrate respectively, following 42 days culture. 
 
Both G-C paper and U-C paper supported ADSC proliferation, reaching significant 
difference on day 21 compared to day 1 of culture (P < 0.05), with growth peaking 
on day 21 (Figure 4-9). Notably, G-C paper was associated with higher cell 
proliferation than U-C paper from day 21 onwards, consistent with previous reports 













Figure 4-9 ADSC proliferation on G-C paper. (a) Time course of live (PrestoBlue® 
cell viability indicator) ADSCs up to day 35 of culture (a.u.: arbitrary units; Two-
way ANOVA, F (3, 40) = 23.72, P < 0.0001; Bonferroni post hoc, P < 0.01 (G-C 
paper days 1-35 vs G-C paper days 1-35; U-C paper day 1 vs U-C paper days 7, 21, 
and 35; U-C paper day 7 vs U-C paper day 21; G-C paper day 21 vs all 
comparisons)). 
 
Extracellular mineral deposition of ADSCs was evaluated by Alizarin Red S 
staining after culture for 4 weeks on G-C paper and U-C paper in GR medium and 
DF medium. Staining indicated increased mineral deposition following culture in 
DF medium (Figure 4-10 A, C) compared to GR medium (Figure 4-10 B, D). 
Furthermore, more extracellular mineral deposition of ADSCs could be detected on 
G-C paper compared to U-C paper (41.4 % higher), and mineral deposition for 
samples in DF medium was significantly higher than samples in GR medium (P < 



















Figure 4-10 Mineral deposition of differentiated ADSCs on G-C paper. Alizarin 
Red S staining of mineral deposition after 4 weeks differentiation of ADSCs on G-
C papers in (A) DF medium and (B) GR medium, or U-C paper in (C) DF medium 
and (D) GR medium. (E) Quantitative analysis of mineralization by Alizarin Red S 
assay after 4 weeks differentiation of ADSCs on G-C and U-C papers. Mean ± 





As an essential enzyme and marker for ossificaton, ALP was found to be expressed 
significantly higher on G-C paper than U-C paper (Figure 4-11), which is 
consistent with previous reports of graphene promoting stem cell osteogenic 
differentiation [21, 22]. ALP expression of ADSCs peaked on day 3 for both G-C 
paper and U-C paper, with the peak value of ALP expression for cells on G-C paper 
being 53.1% higher than cells on U-C paper. ALP expression of ADSCs for G-C 
























Figure 4-11 ALP activity of ADSCs on the G-C paper and U-C paper at 1, 3, 5 and 
7 days following differentiation (Two-way ANOVA, F (3, 40) = 5.13, P < 0.01; 
Bonferroni post hoc, P < 0.05 (G-C paper day 1 vs G-C days 3 and 5; G-C paper 





Taken together, data for planar 2D ADSC culture and differentiation indicate the 
as-fabricated G-C paper is advantageous for human stem cell growth and 
osteogenic induction, and potentially catalytic for bone healing and bone 
engineering. While, the mechanisms underlying graphene’s osteoinductive 
potential remain unspecified, evidence for the noncovalent binding of bone 
inducing agents in cell culture medium by graphene substrates [18], together with 
optimal mechanical and topographical properties, as well as surface hydrophilicity 
as a critical determinant of extracellular protein interactions, are likely important 
[52]. 
 
4.3.3   Fabrication of 3D laminate structures with graphene-cellulose paper 
and cells 
Cross-section analyses of 3D laminate constructs comprising G-C papers and 
ADSC-laden alginate confirmed a layered configuration, with alginate hydrogel 
effectively bonding assembled G-C papers (Figure 4-12 A, B). Inspired by the 
origami-method [53], the structures can be prepared with many layers of ADSC-
laden alginate and G-C paper (Figure 4-12 C), as well as folding and rolling, and 
are amendable to characterisation by unfolding and unrolling (Figure 4-12 D). 
Accordingly, constructs comprised viable cells with ADSCs clearly evident at the 
hydrogel-paper interface immediately after fabrication (Figure 4-12 E, F), and 
continuing at high density following 42 days culture (Figure 4-12 D). Moreover, 
the constructs remained intact and without any apparent structural deformation, 




Figure 4-12 Formation of 3D constructs by lamination of ADSC-laden alginate and 
G-C paper. Cross-sectional photomicrographs of (A) folded, and (B) folded and 
rolled cylindrical laminate constructs. (C) Schematic of 3D laminate construct. (D) 
Live (Calcein AM; green), and dead (PI; red) ADSC staining of unfolded laminate 
construct after 42 days culture. (E, F) SEM of an ADSC-laden laminate construct 
following 1 day culture (cells are highlighted with red circles) at low and high 
magnification. 
 
4.3.4   3D cell culture and differentiation 
Analysis of ADSC proliferation over a period of 7 days indicated a significantly 
higher rate of cell growth for 3D G-C constructs compared with 3D U-C constructs 
or ADSC-laden alginate on 2D U-C paper from the fifth day of culture onwards 
(Figure 4-13). Statistical analysis revealed there was a significant effect of day (F 
(3, 60) = 148.38, P < 0.0001) and material (F (2, 60) = 104.76, P < 0.0001), as well 
as the interaction between day and material (Overall two-way ANOVA, F (6, 60) 
= 38.83, P < 0.001). Specifically, Bonferroni-post hoc analysis revealed that ADSC 




< 0.01), except for days 7 and 5, whereas over the entire 7 days, ADSC proliferation 
on 2D U-C paper was not significantly different to 3D U-C constructs (P < 0.01). 
While ADSC proliferation plateaued for 3D or 2D U-C samples between days 3 
and 5, declining by day 7, it increased for the duration of study for 3D G-C 











Figure 4-13 Time course of live (PrestoBlue® cell viability indicator) ADSC 
content for 3D G-C folded constructs, 3D U-C folded constructs and 2D U-C paper 
up to day 7 of culture (Two-way ANOVA, F (6, 60) = 38.83, P < 0.0001; Bonferroni 
post hoc, P < 0.01 (3D G-C paper day 5 and day 7 vs all comparisons; 3D U-C 
paper day 5 and day 7 vs 3D U-C paper day 1; 2D U-C paper day 3 and day 5 vs 
2D U-C paper day 1 and day 7)). 
 
Early onset of mineralisation through ADSC differentiation was additionally 
supported by Alizarin Red S staining of 3D G-C and 3D U-C constructs, as well as 




a significant effect of medium (F (1, 30) = 4.98, P < 0.05) and material (F (2, 30) = 
6.94, P < 0.05), but not the interaction between medium and material (Overall two-
way ANOVA, F (2, 30) = 0.12, P = 0.89). Importantly, highest calcification was 
evident for 3D G-C constructs under differentiation conditions.  
Assessment of ALP expression by differentiating ADSCs supported osteogenic 
induction for all samples, although at each time point tested the expression was 
highest for 3D G-C constructs indicating enhanced osteogenesis (Figure 4-15).  
Statistical analysis revealed there was a significant effect of day (F (3, 60) = 42.28, 
P < 0.0001) and material (F (2, 60) = 59.17, P < 0.0001), but not the interaction 
between day and material (Overall two-way ANOVA, F (6, 60) = 1.33, P = 0.254). 
Not surprisingly, for all samples ALP expression was highest on day 1 but gradually 
decreased over time, similar to previously described G-C paper studies. To reiterate, 
during natural bone development ALP is expressed early in the process of 
calcification, including osteoblastic differentiation, followed by decreased function 
and downregulation [54]. 
Altogether, studies of 3D G-C laminate structures demonstrated 3D human ADSC 
support and differentiation. Like 2D G-C paper-based culture, 3D G-C constructs 
sustained stem cell proliferation and osteogenic induction. Since in vitro 3D cell 
culture emulates cell behaviour and function within natural tissue, the 3D constructs 
may be useful for in vitro modelling of human bone development and regeneration, 
including ossification and mineralisaton. Moreover, the ability to prepare different 
configurations of our constructs by folding and rolling make them potentially 
amenable as bone patches and plugs to facilitate in vivo osteogenesis for bone 



















Figure 4-14 Images of Alizarin Red S staining of a (A) unfolded 3D G-C paper 
construct, (B) unfolded 3D U-C paper construct, and (C) 2D U-C paper maintained 
in ADSC DF medium, as well as a (D) unfolded 3D G-C paper construct, (E) 
unfolded 3D U-C paper construct, and (F) 2D U-C paper maintained in GR 
medium. (G) Time course of ALP activity following osteogenic differentiation of 

















Figure 4-15 Time course of ALP activity following osteogenic differentiation of 
ADSCs for 3D G-C cuboid constructs, 3D U-C cuboid constructs and 2D U-C 
papers. 
 
4.4   Conclusion 
In this chapter, an efficient universal fabrication method of robust, conductive G-C 
papers was demonstrated. The G-C papers were prepared by simple immersion-
deposition of paper substrates in GO dispersion with further reduction process in 
‘green’ reducing agent (L-ascorbic acid), which guaranteed further application in 
bionic related areas. This method is applicable for a variety of paper substrates with 
different geometries, and the as-prepared G-C papers are endowed with tremendous 
graphene attractive properties, which are promising for versatile applications. The 
as-fabricated structure was mechanically robust, which had enhanced mechanical 
strength (76.5 % higher) over the U-C paper substrate. Meanwhile, the 2D structure 




the U-C paper structure. By further exploiting material modification such as 
“origami-inspired” folding to fabricate 3D conductive cell laden constructs, it can 
be inferred that this material holds potential for a wide range of applications in 
biomedical research, tissue engineering and regenerative medicine. Furthermore, 
the paper’s low electrical resistivity is indicative of it being electrically conductive 
for possible electrical stimulation of stem cells in research and prospective 
therapeutics, which will be systematically demonstrated in the next chapter. 
The hybrid cellulose-based G-C papers potentially present a useful platform for 
solid-state tissue support such as bone formation. As osteogenic composites they 
should enable osteoprogenitor cells to proliferate and differentiate into osteoblasts 
while providing a complex and dynamic network that recapitulates the 
characteristics of the extracellular matrix including physical structure, mechanical 
integrity and biocompatibility.  
These findings show that these constructs can support both 2D and 3D stem cell 
growth and osteogenic differentiation, with potential to be applied for more 
complex 3D electroactive-construct fabrication towards functional tissue/organ 
engineering. 
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Graphene-cellulose paper-based electrical stimulation device 
development and application towards osteogenesis promotion 
 
5.1   Introduction  
There is a high demand for bone tissue transplantation globally, with the incidence 
of bone diseases and conditions increasing commensurately with world population 
aging and obesity problems. As the “Gold standard” in orthopaedic surgery, 
autologous and allogenic bone implants are unable to meet demand. Fortunately, 
bone tissue engineering is promising to fulfil the lack of tissues for transplantation 
therapy, and even able to address the shortcomings of current “Gold standard” 
approaches, such as: costly procedure of bone harvesting, unnecessary incision and 
morbidity for donor and recipient, inflammation, and immune responses to 
allogeneic bone [1]. As a key component in the bone tissue engineering process, a 
scaffold is not only necessarily required to be biocompatible, able to provide 
dwelling sites for cells and harbour essential cell survival factors, but also to deliver 
biophysical/biochemical cues to better mimic in vivo extracellular environments [2, 
3]. Electrical stimulation (ES) purportedly promotes self-healing of bone tissue and 
osteogenic differentiation of stem cells by enhancing stem cell behaviors, such as 
adhesion, migration and proliferation [4-9]. Mechanism for enhanced osteogenic 
differentiation of stem cells has been revealed as the ES activated master osteogenic 
transcription factor runt-related transcription factor 2, downstream 
calcineurin/NFAT signalling pathway, and intracellular calcium/calmodulin 
pathway [10-12]. There is a need for advanced biocompatible ES devices due to the 




ES may be corroded by culture medium or body fluid and have very low electrical 
conductivity that may result in destructive high electrical current [13]. Anti-
corrosive electrodes with appropriate electrical conductivity are needed to 
overcome these drawbacks of metal electrodes in ES.   
Graphene is capable of supporting and enhancing stem cell growth and 
differentiation towards osteogenic lineage [3, 14, 15]. In addition, among all the 
superior physico-chemical properties of graphene, its excellent electrical 
conductivity can effectively contribute to ES towards bone tissue regeneration. 
Therefore, it is possible that coupling of the intrinsic properties of graphene with 
controllable ES can further accelerate the bone healing process via a synergistic 
effect and therefore be applied clinically. However, there is a lack of portable and 
efficient graphene-based devices for ES, especially for bone tissue engineering. 
Current available ES devices are usually fabricated within a single petri dish, which 
limits the efficiency of experimentation and translational application [16]. As an 
easy access, low risk stem cell source, adipose derived stem cells (ADSCs) are 
capable of multilineage differentiation, including osteogenic differentiation, and 
they are promising for being implemented in autologous bone tissue regeneration 
[17, 18]. 
Here, an efficient multichannel, miniaturized ES device was fabricated by 
assembling graphene-cellulose (G-C) paper, developed in Chapter 4, with a 
commercially available cell culture chamber. As indicated in the electrical 
characterization experiment, the used G-C paper electrode can achieve higher 
charge transferring capacity and lower impedance than gold electrode with 
significantly improved stability, suitable for being applied in ES. This device can 




promotion potential of ADSCs via ES through a G-C paper-based ES device was 
verified through evaluation of osteogenic markers, specifically extracellular 
mineralization and intracellular alkaline phosphatase (ALP) expression in this 
chapter. ES delivered through the device can significantly promote proliferation of 
ADSC and differentiation towards osteogenic lineage. Besides, this work also 
paves the way towards potential versatile applications of G-C paper via integrating 
previously developed G-C paper substrates into various systems with capability for 
ES delivery.   
 
5.2   Experimental 
5.2.1   Materials  
G-C papers were prepared according to previous protocol, and relevant materials 
were listed in the corresponding part of Chapter 4. Nunc® Lab-Tek® II chambered 
coverglass (polystyrene), L-ascorbic acid-2-phosphate, dexamethasone and β-
glycerophosphate were purchased from Sigma-Aldrich (USA). Gold coated Mylar 
was purchased from Solutia Performance Films. Clear RTV silicone adhesive 
sealant was bought from Permatex (USA). Copper tape with adhesive backing was 
purchased from ProSciTech (Australia). Human ADSCs were obtained from Lonza 
Corporation (Australia). Gibco Dulbecco’s Modified Eagle Medium (DMEM), 
non-essential amino acids solution (NEAA), foetal bovine serum (FBS), penicillin, 
streptomycin, basic fibroblast growth factor (bFGF), calcein AM, propidium iodide 
(PI) and PrestoBlue® were obtained from Thermo Fisher (Australia). Methanol and 





5.2.2   Preparation of graphene-cellulose paper 
4.5 mg/ml aqueous graphene oxide (GO) suspension synthesized by modified 
Hummers method was used for G-C paper fabrication [19]. G-C paper was prepared 
according to our previous protocol in the experimental section of Chapter 4. Briefly, 
cellulose tissue paper (Kimberly-Clark, Australia) was cut into 1.5 cm x 3 cm in 
size by using a laser cutter (ULS PLS6MWLaser Engraver) and 45 μl 4.5 mg/ml 
GO aqueous dispersion was deposited onto it, assisted by uniform deposition and 
drying treatment. 3-times GO deposition onto cellulose paper substrate was 
processed and reduction of GO-cellulose paper to G-C paper was performed with 
50 mM L-ascorbic acid solution (80 °C, 3 hr) [20].    
 
5.2.3   Assembly of electrical stimulation device 
The fabricated G-C paper can be incorporated into an ES device by using the 
assembly procedure illustrated in Figure 5-1. G-C paper was tailored into 3 cm x 
0.5 cm in size and aligned in the middle between a glass slide (Sail Brand, China) 
and polystyrene chamber. Silicone adhesive sealant was applied on the interface 
between them with pressure to assist overnight solidification process. Then copper 
tapes with adhesive backing were attached to both sides and the device can then be 
connected to an electrical stimulator with copper wires. The G-C paper ribbon 
under the polystyrene chamber cell culture well was about 1 cm in length and 0.5 













Figure 5-1 Schematic fabrication process of G-C paper-based ES device. 
 
 
5.2.4   Electrochemical characterization 
Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were 
performed using a CHI660D potentiostat. Gold electrode (5 mm length X 20 mm 
width) was prepared by cutting gold coated Mylar film with working size of 5 mm 
X 5 mm and G-C paper electrode (5 mm length X 20 mm width) was prepared by 
gluing G-C paper electrode onto a polystyrene film with working size of 5 mm X 5 
mm. The test electrode (gold electrode/G-C paper electrode) was used as the 
working electrode in a three-electrode system, whereas platinum (Pt) electrode and 
silver (Ag)/silver chloride (AgCl) electrode served as counter electrode and 
reference electrode respectively. The CHI660D potentiostat was connected with the 
three-electrode system and all the tests were carried out in phosphate buffered 
saline (PBS) solution (1X, pH 7.4). For CV test, the potential of the working 




testing, measurement was performed between 0.1 Hz to 100 kHz using RMS AC 
signal with an amplitude of 10 mV. Electrode stability was tested with multiple CV 
scanning under a scan rate of 1 V/s between -1.5 V to 1.0 V. EIS test was carried 
out afterwards for comparison with the electrode’s initial impedance. 
 
5.2.5   Optimization of applied voltage in electrical stimulation 
ADSCs were cultured in the ES device with GR medium (initial cell seeding 
density: 4 x 104 cells per cm2). An A310 Accupulser Digital Stimulator (World 
Precision Instruments, USA) was used to generate stimulation waveforms and 
A365 Stimulus Isolators (World Precision Instruments, USA) was used to 
transform waveforms into current output, while the system was monitored by an 
eDAQ system (eDAQ Pty Ltd, Australia). Next day after cell seeding, the devices 
with cells were subjected to 1 h symmetric biphasic square pulses at 0 V/cm, 
1 V/cm, 10 V/cm and 20 V/cm with phase duration of 1 s and interphase interval of 
200 ms, respectively. Then the electrically stimulated cells were examined by cell 
Live/Dead analysis. 
 
5.2.6   Cell alignment analysis 
Orientation of calcein AM and PI labelled ADSCs cultured on G-C scaffolds for 28 
days with or without ES was quantitatively analysed with ImageJ, whereby 0° was 
defined as cell alignment parallel to electric current flow direction and 90° defined 
as cell alignment perpendicular to electric current flow direction. 
 
5.2.7   Cell proliferation with electrical stimulation 




GR medium. ES (symmetric biphasic square pulses: 1 V/cm, 1 Hz, 200 ms) was 
initiated the next day after cell seeding. GR medium was exchanged with fresh 
medium every 2 days over the culture period. ES was applied 1 h per day over 21 
days and cell proliferation was determined in triplicate by PrestoBlue® cell viability 
reagent on 1, 3, 7, 14 and 21 days in accordance with the manufacturer`s protocol. 
Fluorescence intensity of the samples was measured with a microplate reader 
(POLARstar Omega, Germany) at 544 (ex)/ 590-10 (em) nm. 
 
5.2.8   Osteogenic differentiation of cells with electrical stimulation 
ADSCs can be induced towards osteogenesis by being cultured in GR medium 
supplemented with 10 mM β-glycerophosphate, 10 nM dexamethasone and 50 μM 
L-ascorbic acid-2-phosphate (Osteogenic differentiation medium (DF medium)) 
[21]. Cells were seeded with a cell density of 1.5 x 104 cells per cm2 in the ES 
device and cultured within DF medium and GR medium respectively. 
Corresponding culture medium was changed every 2 days. ES (symmetric biphasic 
square pulses: 1 V/cm, 1 Hz, 200 ms) was initiated the next day after cell seeding, 
while control samples without ES treatment were also prepared. ES was applied 1 
h per day over 3 weeks, and samples were then subsequently fixed in 3.7% 
paraformaldehyde PBS solution for 30 min. Fixed samples were stained in Alizarin 
Red-S solution (0.6%, pH 4.2) for 20 min at ambient temperature in the dark after 
removal of fixative via washing with Milli-Q water. Dye extraction of stained 
samples was processed in 20% methanol and 10% acetic acid for 30 min after the 
dye solution was removed, and samples were washed with copious amounts of 
Milli-Q water. Then, 200 μl of extracted dye solution from each sample was 




reader (POLARstar Omega, Germany) at 450 nm. 
 
5.2.9   Alkaline phosphatase assay for osteogenic differentiated cells with 
electrical stimulation 
Cells were seeded with a cell density of 1.5 x 105 cells per cm2 in the ES device and 
bathed in DF medium and GR medium, respectively. ES (symmetric biphasic 
square pulses: 1 V/cm, 1 Hz, 200 ms) was applied the next day after cell seeding, 
while control samples without ES treatment were also prepared. During the cell 
culture process, corresponding culture medium was changed every 2 days. 
Intracellular alkaline phosphatase (ALP) activity in cells was measured by using 
ALP activity assay (BioVision, USA) on days 1, 3, 7 and 14 during the cell culture 
process. The procedure in brief is as follows: 300 μl Assay Buffer was added into 
the ES cell culture chamber with 30 min incubation at 37 °C. Then, 0.5 mM 
phosphatase substrate solution was mixed with the obtained ALP containing lysis 
solution with a reaction time of 30 min at 25 °C with light proofing. The 
fluorometric resultant solution was read in a microplate reader (POLARstar 
Omega, Germany) at 360 (ex)/440 (em) nm. 
 
5.2.10   Statistical analysis 
Data are represented as mean ± standard deviation (SD) unless otherwise indicated. 
Results were analysed using two-way ANOVA with Bonferroni`s post hoc test 
(OriginPro 2015). Homogeneity of variance tests (Levene`s Test) were performed 
to confirm statistical assumptions for two-way ANOVA were satisfied. If 
homogeneity of variance was satisfied (P > 0.05), statistical significance of two-




(P < 0.05), statistical significance of two-way ANOVA was set at P < 0.01. 
 
5.3   Results and discussion 
5.3.1   Material characterisation 
Morphology and microstructure of G-C paper were explored by using SEM (Figure 
5-2 A-C). As shown in the SEM images, graphene has been uniformly deposited 
onto the cellulose paper substrate with porous features decorated across the 
structure (Figure 5-2 A), and cellulose fibres in the paper substrate were fully 
covered by graphene while some graphene layers were bridged between some 
fibres (Figure 5-2 B, C). 
Figure 5-2 (A-C) SEM images of G-C paper at different magnifications (X50, 
X2000, and X4000).  
 
Structures of G-C paper and GO-cellulose paper were investigated by Raman 
spectroscopy (Figure 5-3 A, B). These Raman spectra display two intensive 
features of graphitic material structures, i.e. D band (∼1330 cm−1) and G band 
(∼1580 cm−1). These bands are a reflection of graphene structure disorders and 
degree of graphitization, respectively [22]. ID/IG (Intensity ratio of D band and G 
band) value increased from ∼1.10 (GO-cellulose paper) to ∼1.56 (G-C paper) after 
reduction assisted by L-ascorbic acid, which demonstrates restoration of sp2 carbon 




Meanwhile, 2D peak (~2630 cm-1) and S3 (~2880 cm-1) of G-C paper had increased 
compared with GO-cellulose paper after chemical reduction, which indicates better 

















XPS was further employed to explore oxidized carbon functional groups changes 
on G-C paper, GO-cellulose paper and pristine paper, and corresponding results are 
shown in Figure 5-4 A-C. The C 1s peaks in these spectra were deconvoluted into 
five carbon related functional groups, which mainly consist of C=C, C-C, C-O, 
C=O and O-C=O at 284.8, 285.6, 286.8, 287.8 and 289.1 eV, correspondingly [26]. 
Referring to Figure 5-4 B and C, C=C, C=O and O-C=O groups appeared after the 
GO coating procedure on pristine paper scaffold, which means that a successful 
coating procedure was achieved. The oxidized carbon ratio decreased from 53.9% 
(GO-cellulose paper) to 39.2 % (G-C paper), which indicates efficient de-





Figure 5-4 XPS spectra of C 1s of (A) G-C paper, (B) GO-cellulose paper and (C) 
pristine cellulose paper. 
 
5.3.2   Graphene-cellulose paper electrode characterisation 
As a widely used electrode in ES, gold electrode was chosen as a reference for 
electrochemical performance evaluation of G-C paper electrode [27]. A CV 
experiment was performed to compare the charge storage capacity of G-C paper 
electrode with gold electrode (Figure 5-5 A). Due to the enhanced water window 
of carbon material compared with metal material [28], the charge storage capacity 
of G-C electrode (3.166 mC/cm2) was 0.84 fold higher than that of the gold 
electrode (1.717 mC/cm2). Increased charge storage capacity makes the G-C paper 
electrode promising for being applied in ES application due to its capability in 
transferring charge. As shown in Figure 5-5 B, the G-C paper electrode showed 
lower impedance compared with gold electrode at low frequencies (0.1-150 Hz). A 
decrease of electrode impedance can influence the noise of electronics and 
electrical interference of electrode itself, which can further guarantee its potential 
for additional scaling down [29]. After 50 cycles of CV treatment, the EIS result of 
the gold electrode decreased significantly below 10000 Hz, indicating its instability 




robust gold layer was fragile after stability testing; in which it can be easily 
scratched by tissue paper wiping. For the G-C paper electrode, EIS results almost 
didn`t change after 1000 cycles of CV treatment and the graphene layer was still 
resilient after stability testing (Figure 5-5 E, F). The G-C paper electrode showed 
superior stability over the gold electrode, promising to retain a stable performance 
in long-term ES. 
Figure 5-5 Electrochemical characterization of G-C paper electrode. (A) Cyclic 
voltammogram and (B) EIS result of gold electrode and G-C paper electrode. (C) 
EIS result and (D) photographs of gold electrode before and after stability testing. 






5.3.3   Electrical stimulation device characterisation 
A home-made ES device based on G-C paper was fabricated according to the 
experimental protocol described in Section 5.2.3, which can be used as a cell 
supporting and electrical signal delivery platform, as shown in Figure 5-6 A and 
B. G-C paper was cut into a rectangular ribbon shape with an effective working 
area of about 5 mm*10 mm in the plastic cell culture chamber. This fabrication 
strategy can be universally utilized for multiple ES cell culture platform fabrication, 
and the cell culture chamber can be designed into different dimensions and 
alignments pertaining to experimental requirements. An A310AccupulserTM Pulse 
Generator (World Precision Instruments, USA) was connected to the ES device to 
send electrical current pulses during the cell culture period. Symmetric biphasic 
square pulses with a calculated electrical field generation ranging from 0 to 20 
V/cm at a frequency of 1 Hz and pulse of 200 ms were applied (Figure 5-6 C). 
 
5.3.4   Process of applied voltage optimization in electrical stimulation 
The strength of the biphasic square pulses has an effect on cell viability, so a series 
of electrical fields with different strengths were applied to ES devices to discover 
the optimal strength for the ES process. As shown in Figure 5-7 A-D, higher 
electrical fields (10 and 20 V/cm) have significantly negative effect on cell 
viability, while a low electrical field (1 V/cm) has no influence on cell viability as 
obviously compared with the samples without ES treatment. Therefore, 1 V/cm 
with a current density of approximately 300 μA/cm2 was applied for all the 














Figure 5-6 (A, B) Schematic diagram and digital image of the ES device 
incorporated with G-C paper, respectively. (C) Waveform of applied symmetric 









Figure 5-7 Fluorescent images of cell viability after exposure to electrical field 0 
(A), 1(B), 10 (C) and 20 (D) V/cm with phase duration of 1 s and interphase interval 





5.3.5   Evaluation of long-term electrical stimulation on cell viability and 
orientation 
Applied electric current can direct the orientation of cells, with cells on supporting 
G-C scaffold observed to have alignment perpendicular to the electric current 
direction following 5 days culture and ES (Figure 5-8 A, B), which is consistent 
with previous reports [30, 31]. This phenomenon may be relevant to ADSC 
differentiation based on published evidence for stem cell alignment affecting cell 
fate [32]. Also notable, high cell viability was apparent even after 28 days culture 
with ES, supporting the use of the platform for longer-term cell support, including 
differentiation for tissue formation, evaluation and, therefore, modelling (Figure 5-
8 C). The probability density of cell orientation has a narrow peak near 90° for 
ADSCs cultured with ES (Figure 5-8 C, D), while ADSCs cultured without ES 
showed random orientation (Figure 5-8 E, F). Importantly, the supporting G-C 
scaffolds remained intact and conductive after 28 days ES, further validating their 




Figure 5-8 ADSC viability and alignment under ES. (A, B) Live (Calcein AM; 
green) and dead (PI; red) ADSC staining following 5 days culture and ES at 1 V/cm 
with phase duration of 1 s and interphase interval of 200 ms. ADSC alignment 
analysis: (C) Fluorescent image of ADSCs after 28 days culture with ES, and (D) 
orientation analysis of ADSCs with ES. (E)  ADSCs labelled with Calcein AM 
(green; live) and PI (red; dead) after 28 days culture without ES treatment, and (F) 
orientation analysis of ADSCs without ES. 
 
5.3.6   Cell proliferation with electrical stimulation 




effect on cell proliferation behaviour [33]. As described above, the effect of ES on 
cell proliferation behaviour was investigated with treatment of ES for 21 days. As 
shown in Figure 5-9, numbers of cells treated with ES were significantly higher 
than the ones without ES on all the testing days, and cell numbers kept increasing 
even up to day 21 for samples with ES, while cell numbers for samples without ES 
on day 21 dropped compared with day 14. The number of cells in samples with ES 
on day 21 was already 1.6 folds of the peak value for samples without ES on day 
14. Statistical analysis revealed that ES (F (1, 50) = 306.32, P < 0.0001) and day (F 
(4, 50) = 519.36, P < 0.0001) significantly affected cell proliferation, as well as the 
interaction between ES and day (Overall two-way ANOVA, F (4, 50) = 23.81, P < 
0.0001). More specifically, Bonferroni-post hoc analysis indicated that ADSC 
proliferation with or without ES treatment was significantly different (P < 0.01), 
except for day 14 and day 21. These data additionally confirm the cytocompatibility 
of G-C paper and capability of the home-made ES device for supporting cell long-
term growth. Application of ES during cell culture is also proven to have a positive 
effect on cell proliferation behaviour, which is consistent with previous studies 
[33]. Meanwhile, all the scaffolds were integral without breakage or leakage after 
21 days, which is promising for longer-term cell support and ES related 
applications. 
 
5.3.7   Osteogenic differentiation of cells with electrical stimulation 
Mineral deposition is a key indicator of ADSC osteogenic differentiation [34]. 
After being stained with Alizarin Red S, more extracellular mineral deposition of 
ADSCs could be observed on G-C paper scaffolds in DF medium, while for 




mineral deposition (Figure 5-10 A-D). Statistical analysis revealed that ES (F (1, 
20) = 122.94, P < 0.0001) and medium (F (1, 20) = 193.60, P < 0.0001) 
significantly affected ADSC mineral deposition, as well as the interaction between 
ES and medium (Overall two-way ANOVA, F (1, 20) = 82.38, P < 0.0001). By 
quantifying with colorimetric detection and analyzing with Bonferroni-post hoc 
analysis, mineral deposition of samples cultured in DF medium was shown to be 
significantly higher than the ones in normal GR medium, while the ones with ES 
revealed significantly higher mineral deposition than the ones without ES cultured 
in the same medium (P < 0.01; Figure 5-10 E). Overall, ES can accelerate stem 
cell osteogenic differentiation process in the long-term without needing additional 
chemical inducers, allowing for extracellular mineralization and matrix maturation, 
which is consistent with previous reports [35, 36].  
 
5.3.8   Alkaline phosphatase expression of cells with electrical stimulation 
As an early osteogenesis marker [37], ALP enzymatic activity in living cells was 
quantitatively analysed, indicating that ALP activity within ADSCs cultured in DF 
medium with ES treatment (ADSCs+DF+ES) was significantly higher than ADSCs 
cultured in GR medium with ES (ADSCs+GR+ES) and ADSCs in DF medium 
without ES (ADSCs+DF), as shown in Figure 5-11. This phenomenon may be due 
to the synergistic effect from ES and osteogenic induction factors in the DF 
medium. Expression of ALP peaked on day 7 for ADSCs+GR+ES and 
ADSCs+DF, while there was no decreasing tendency for ADSCs+DF+ES. The 
value of ALP activity for ADSCs+DF+ES on day 14 was 3.6 fold and 2.7 fold 
higher than the peak value of ADSCs+GR+ES and ADSCs+DF respectively. 




(F (3, 60) = 43.13, P < 0.0001) significantly affected ALP activity within ADSCs, 
as well as the interaction between ES and day (Overall two-way ANOVA, F (6, 60) 
= 24.12, P < 0.0001). Specifically, Bonferroni-post hoc analysis indicated that ALP 
activity within ADSCs was significantly different with or without ES (P < 0.01), 
and with different culture medium (P < 0.01). These results also highlight the 












Figure 5-9 ADSC proliferation on G-C paper with ES. Cell proliferation quantified 
by PrestoBlue® assay based on the average percentage increase of fluorescence 
intensity (compared with day 1 average value of electrically stimulated sample) in 
the G-C paper-based ES device with or without ES. Mean ± standard deviation, 
n=3, P < 0.01 (2D ES day 21 vs all the comparisons; ES vs Non ES on days 3, 7 
and 14; ES day 1 vs ES day 3, 7 and 14; ES day 3 vs ES day 7 and 14; ES day 7 vs 
ES day 14; Non ES day 1 vs Non ES day7, 14 and 21; Non ES day 3 vs Non ES 






















Figure 5-10 Mineral deposition of differentiated ADSCs on G-C paper with ES. 
Extracellular mineral deposition of ADSCs was evaluated by staining with Alizarin 
Red S after differentiation for 3 weeks in the ES device (A) with or (C) without ES 
in DF medium, (B) with or (D) without ES in normal GR medium. (E) Mineral 
deposition was quantified by using Alizarin Red S staining with colorimetric 
detection at 450 nm. Mean ± standard deviation, n=3, P < 0.01 (DF medium vs GR 





Figure 5-11 ALP activity of ADSCs on the G-C paper with ES. ALP activity 
upregulation of ADSCs on G-C paper with different cell culture conditions over 14 
days of osteogenic differentiation. ADSCs cultured in DF medium/GR medium 
with ES and DF medium without ES are denoted by ES+DF medium, ES+GR 
medium and DF medium (Non ES), respectively. Mean ± standard deviation, n=3, 
P < 0.01 (2D ES+DF medium day 14 vs all the comparisons; 2D ES+DF medium 
day 7 vs 2D ES+DF medium day 1 and day 3; Non ES DF medium day 1 vs Non 
ES DF medium day 7; 2D ES+DF medium day 7 vs 2D ES+DF medium and Non 
ES DF medium day 7). 
 
5.4   Conclusion 
This chapter presents the fabrication and utility of a miniaturized, multi-chamber 
ES device that incorporates the previously described cell supporting G-C scaffold. 




proliferation and osteogenic differentiation without compromising the integrity and 
electrical performance of the G-C scaffold. The device can be easily assembled 
with previously described conductive G-C scaffold and commercially available cell 
culture chamber(s), with further development of more complicated and customized 
ES devices being feasible. ADSCs stimulated by biphasic square pulses via the ES 
device showed increased proliferation, mineral deposition and ALP expression 
compared with control samples without ES treatment; consistent with previous 
reports of external stimulation effects on cells. Altogether, studies of this platform 
here reported support its efficacy for cell support and differentiation over extended 
culture with enhancement by ES. The device may be useful in research for tissue 
engineering and modelling, as well as prospective therapeutics, including 
preclinical assays for drug screening and tissue development for regenerative 
medicine.  
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Development of conductive 3D graphene scaffold via 3D printing 
and coating techniques towards tissue engineering application 
 
6.1   Introduction 
Scaffolds for cell support in tissue engineering serve to simulate extracellular 
matrix (ECM) and provide cues for initial cell attachment, growth and potential 
differentiation [1]. A porous scaffold can provide channels for bioactive factor 
delivery, similar to ECM whilst also providing structural support to maintain tissue 
dimensions [2]. By combining such scaffolds with, for example, easily accessible 
human adipose stem cells (ADSCs) there is significant potential to develop bone, 
muscle, adipose, cartilage and other tissues for both bench-based R&D and 
transplantation therapy [3]. 
Alginate (Alg), as a natural polysaccharide extracted from brown algae, is being 
increasingly applied for tissue engineering due to its biocompatibility and attractive 
physicochemical properties [4, 5]. Moreover, the efficient gelation property of Alg 
by simple addition of divalent cations makes it a strong candidate for 3D bioprinting 
[6, 7]. After being invented three decades ago, 3D printing technique has become 
popular in the area of tissue engineering for its capability of fabricating porous 
scaffold with pre-designed shape and chemistry [8, 9]. 3D printing technique also 
provides scalability and geometric controllability, having been applied to generate 
3D structures with Alg to fabricate various human tissues such as aortic valves [9], 
cardiac tissue [10], bone tissue [11], and other tissue types [12, 13]. However, 
scaffolds 3D printed by Alg based inks are prone to collapse resulting in printing 




and proliferation [15], and non-electrically-conductive, and therefore unable to be 
used for electrical stimulation (ES) in tissue engineering [16]. However, 
modification of the Alg scaffold surface to be more cellular friendly and electrically 
conductive has the potential to expand its use for new bionic applications. To this 
end, graphene could be considered endowing a 3D Alg scaffold substrate with 
excellent electrical conductivity and biocompatibility simultaneously [17].  
In this chapter, the combination of 3D printed Alg scaffolds with conductive 
graphene coating is described. Scaffolds have tunable pore sizes and are coated 
with graphene oxide (GO), which can be chemically reduced to obtain conductive 
3D RGO/Alg scaffolds. The mechanical modulus of a 3D RGO/Alg scaffold 
increased by 3.8 fold compared to pristine 3D Alg scaffold. As a proof-of-concept, 
3D RGO/Alg was applied as support for ADSCs towards bone tissue engineering. 
The 3D RGO/Alg scaffold is more stable in cell culture medium and 
cytocompatible compared with pristine 3D Alg scaffold, providing better support 
for ADSC proliferation and differentiation towards osteogenic lineage. In 
summary, the 3D RGO/Alg scaffold developed is derived by employing both novel 
and traditional techniques, and can serve as a 3D conductive platform for 
applications in various bionic related areas.  
 
6.2   Experimental 
6.2.1   Materials 
Medium viscosity sodium Alg from brown algae [MW: 80 000 – 120 000 Da, ratio 
of mannuronic acid and guluronic acid (M/G ratio): 61:39; viscosity ≥ 2,000 cP for 
2% w/w solution, 25 °C], gelatin (Gel) from bovine skin, L-ascorbic acid-2-




were purchased from Sigma-Aldrich (USA). Graphite powder was purchased from 
Aladdin Ltd. (China). 98% sulfuric acid (H2SO4), potassium permanganate 
(KMnO4), calcium chloride dihydrate (CaCl2·2H2O), 32% hydrochloric acid (HCl), 
and 30% hydrogen peroxide (H2O2) were purchased from Chem-Supply 
(Australia). L-ascorbic acid was purchased from BDH Chemicals (Australia) and 
18 MΩ Milli-Q water was used in all the experiments. 
 
6.2.2   Alginate/gelatin ink preparation 
200 mg Alg and 300 mg Gel were dissolved in 9.500 g water with mechanical 
mixing at 80 °C for 3 h, and then the 2%/3% Alg/Gel ink mixture was transferred 
into a syringe barrel (Nordson EFD, USA) with removal of air bubbles inside by 
centrifugation (Thermoline K241 centrifuge, Australia). 2% Alg solution was 
prepared with 200 mg Alg dissolved in 9.800 g water, following the same 
procedure. 
 
6.2.3   Rheology 
The rheological properties of the inks were tested on an AR-G2 rheometer (TA 
Instruments, USA) at room temperature. Ink was prepared 1 day prior to the 
rheology test and characterized by using 2°/15 mm steel cone and plate geometry. 
Both storage modulus (G′) and loss modulus (G′′) were measured as a function of 
angular frequency during dynamic frequency sweep.  
 
6.2.4   Scanning electron microscopy 
Morphology of synthesized RGO and 3D RGO/Alg scaffold were characterized by 




was deposited and dried on a glass slide, with subsequent chemical reduction by 50 
mM L-ascorbic acid solution (80 °C, 3 h) and drying before SEM imaging. For 3D 
Alg scaffold and 3D RGO/Alg scaffold with or without cells, scaffolds were frozen 
in liquid nitrogen for 36 s and then characterized by using the JEOL JSM-6490LV 
SEM directly. 
 
6.2.5   Raman spectroscopy 
For Raman testing, GO film was obtained by drying GO solution on a glass slide 
and then subjected to chemical reduction in 50 mM L-ascorbic acid solution at 80 
°C for 3 h. Obtained RGO film was tested by using a Jobin Yvon Horiba HR800 
Raman spectrometer (excitation laser λ = 632.8 nm) with 300-lines mm−1 grating. 
3D RGO/Alg scaffold was tested using the same settings.  
 
6.2.6   Mechanical property analysis 
The modulus of the scaffold was calculated from compressive testings with wet 
scaffolds at room temperature (25 °C) by an EZ-S mechanical tester (Shimadzu, 
Japan). All the measurements were made with a 10 N loading sensor and 1 mm/min 
compression speed. About 75% strain was applied to the scaffolds during testing. 
Mean and standard deviation calculation were calculated from three scaffold 
testings. 
 
6.2.7   Synthesis of graphene oxide 
Modified Hummers method was used to synthesize GO according to previously 
described procedures in the Experimental section of Chapter 4. Briefly, 1.0 g 




an ice bath, followed with slow addition of 0.5 g sodium nitrate. 2.5 g potassium 
permanganate was then added over a period of an hour under vigorous agitation. 
After 5 days reaction at room temperature (25 °C) with stirring, the reaction mixture 
was added to with 150 ml 5% sulfuric acid solution and then heated at 90 °C for 2 
hours. 30% hydrogen peroxide was added to remove unreacted manganese dioxide 
and potassium permanganate after cooling down to room temperature. The reaction 
mixture was washed with 1 M hydrochloric acid several times, and then further 
purified by one week’s dialysis (molecular weight cut-off of dialysis membrane: 
14,000 Da). The obtained graphite oxide was exfoliated into GO by 5 h 
ultrasonication (Unisonics cleaner, Australia) and 4.5 mg/ml GO aqueous 
dispersion was prepared afterwards.  
 
6.2.8   3D printing of alginate/gelatin scaffold and coating of 3D alginate 
scaffold with reduced graphene oxide 
Schematic diagram of the 3D RGO/Alg scaffold fabrication process is 
demonstrated in Figure 6-1. 3D Alg/Gel scaffold was fabricated layer-wise by 
using a 3D Bioplotter machine (EnvisionTEC GmbH, Germany), similar to 
previously reported work [18]. First, the Alg/Gel ink was loaded into a syringe 
barrel with a 200 μm diameter nozzle (Nordson EFD, USA) fitted and kept at room 
temperature (~ 25 °C) for printing. 3D cubic models (10 mm*10 mm* 2 mm) were 
loaded on the 3D plotter software and 19 layers of Alg/Gel ink were extruded layer-
by-layer onto a petri dish kept on the 5 °C platform at a feeding speed of 10 mm/s 
with a strand spacing of 1.5 mm. Extrusion force was generated by gas pressure; 5 




3D printed Alg/Gel scaffold was cross-linked by immersing in 2% w/w CaCl2 
aqueous solution for 10 min. Then the Gel component in Alg/Gel scaffold was 
dissolved by being submerged in copious amounts of water at 80 °C for 3 h. 
The obtained 3D Alg scaffold was wiped with tissue paper to remove surface water 
and loaded with 10 μl 4.5 mg/ml GO solution. Alg scaffold with GO solution was 
flipped and squeezed serval times to achieve uniform deposition of GO on the 
surface. Then the obtained GO/Alg scaffold was dried overnight and chemically 











Figure 6-1 Schematic fabrication process of 3D RGO/Alg scaffold. 
 
6.2.9   Scaffold cytocompatibility analysis  
Live/Dead assay was performed by use of 5 μg/ml Calcein AM (Thermo Fisher, 
Australia) and 1 μg/ml propidium iodide (PI; Thermo Fisher, Australia) according 
to the manufacturer’s protocol. After 7 days cell culture, samples with an initial cell 




30 min under the same conditions used for cell culture (37°C, humidified 
atmosphere with 5% CO2). Then the assay containing medium was replaced by 
fresh GR medium and Live/Dead images were taken by using an AxioImager 
microscope (Zeiss, Germany).  
 
6.2.10   Cell proliferation analysis 
At each cell culture time point, PrestoBlue® assay (Thermo Fisher, Australia) was 
used for ADSC (initial seeding density: 4 x 104 cells/cm2) viability testing in 
accordance to the manufacturer`s protocol. Fluorescence intensity of samples was 
measured in triplicate for each time point with a microplate reader (POLARstar 
Omega, Germany) by using an excitation wavelength of 544 nm and emission 
wavelength of 590 nm.  
 
6.2.11   Cell differentiation analysis 
Osteogenic differentiation of ADSCs was induced in ADSC osteogenic 
differentiation medium (DF medium) consisting of GR medium with 10 nM 
dexamethasone, 10 mM β-glycerophosphate and 50 μM L-ascorbic acid-2-
phosphate [19]. Firstly, ADSCs were seeded onto 3D and 2D scaffolds with a cell 
seeding density of 4 x 104 cells/cm2. Culture medium was changed every 2 days 
afterwards. After 3 weeks culturing, 3.7% paraformaldehyde/PBS solution was 
used to fix samples with differentiated cells for 10 min. Fixed samples were then 
stained with 0.6 % Alizarin Red-S solution (pH 4.2) for 20 min at room temperature 
and washed with plentiful water. The stained cell mineral deposition were eluted 
by acetic acid and methanol water solution (10%/20%) for 30 min, and then 50 μl 




solution and subsequently transferred into a 96-well plate for absorbance 
measurements in a microplate reader (POLARstar Omega, Germany) at 535 nm. 
 
6.2.12   Cell expression of alkaline phosphatase analysis 
To quantitatively analyse alkaline phosphatase (ALP) upregulation in ADSCs on 
3D and 2D structures, ALP activity assay (Biovision, USA) was used to test ALP 
activity at 3, 7 and 14 days after cells were seeded on scaffolds according to the 
protocol. Briefly, 3 x 105 cells were seeded on each scaffold and cultured in DF 
medium with medium refreshment every two days. On the testing day, cells on 3D 
and 2D structures were lysed in 300 μl Assay Buffer for 30 min, respectively. 
Obtained lysis solution was centrifuged and the resultant supernatant solution was 
reacted with 0.5 mM substrate solution for 30 min under light-proofing. ALP 
activity of each sample can be evaluated after calculation based on the fluorescence 
measurement of formed fluorometric substrate from the previous step in a 
microplate reader (POLARstar Omega, Germany) at Ex/Em = 360 nm/440 nm. 
 
6.2.13   Statistical analysis 
Unless specified, all data are expressed as mean ± standard deviation. A two-way 
ANOVA with Bonferroni post hoc test was used for statistical analysis of multiple 
comparisons. Homogeneity of variance tests (Levene`s Test) were performed to 
confirm statistical assumptions for two-way ANOVA were satisfied. If 
homogeneity of variance was satisfied (P > 0.05), statistical significance of two-
way ANOVA was set at P < 0.05. If homogeneity of variance was not satisfied 





6.3   Results and discussion 
6.3.1   Material characterization 
6.3.1.1   Characterization of ink 
The rheological property of a material plays an essential role in the 3D printing 
process. Rheological properties of 2%/3% Alg/Gel ink were tested with a dynamic 
frequency sweep and compared with that of 2% Alg solution without Gel 
component. As shown in Figure 6-2, 2% Alg solution showed higher loss modulus 
than storage modulus (G`` > G`) over most of the testing frequencies, consistent 
with being a fluid rather than a gel, and indicative of appropriate deficit of 
appropriate viscoelastic properties for 3D printing. After Alg was blended with Gel, 
the 2%/3% Alg/Gel composite exhibited improved 3D printability, as indicated by 










Figure 6-2 Measurement of rheological properties of 2% Alg solution and 2%/3% 
Alg/Gel ink with frequency sweep. 
 




The structure of synthesized RGO was characterized by SEM and Raman spectrum. 
A large layered structure of synthesized RGO can be observed in the SEM image 
(Figure 6-3 A) with a lateral size of more than 100 μm. As shown in Figure 6-3 B, 
D band at ∼1330 cm−1 and G band at ∼1580 cm−1 are two typical peaks in the 
Raman spectrum attributed to RGO structures, and the intensity of D to G band 








Figure 6-3 Characterization of synthesized RGO. (A) SEM image and (B) Raman 
spectrum of synthesized RGO film. 
 
6.3.2   3D printing  
3D Alg/Gel scaffolds were printed according to the experimental procedure 
detailed in the Experimental Section. 3D scaffolds with various inner structural 
patterns and inter-strand distances (0.5-2 mm) can be printed simultaneously, as 
shown in Figure 6-4 A-C. The 3D printing process is not only efficient compared 
to traditional techniques, but also with high fidelity. Obtained 3D printed scaffolds 
showed well-defined architecture both in hydrated and freeze-dried states (Figure 





















Figure 6-4 3D printing of Alg/Gel composite scaffolds. Images of (A) high-
throughput 3D printing process for multiple Alg/Gel composite scaffolds on a Petri 
dish, (B) 3D printed Alg/Gel composite scaffolds with different inner structures 
fabricated in the same batch, (C) four-way 3D printed Alg/Gel composite scaffolds 
with different inter-strand distances (from left to right: 2 mm, 1.5 mm, 1 mm, 0.5 
mm), (D, E) four-way 3D printed Alg/Gel composite scaffold with inter-strand 
distance of 1.5 mm in hydrated state at low and high magnification, (F, G) four-
way 3D printed Alg/Gel composite scaffold with inter-strand distance of 1.5 mm in 




The orientation of the extruded strand plays an important role in 3D printing an Alg 
based scaffold to avoid collapse and maintain the scaffold channel between the 
printed strands [14]. Viscoelasticity of ink is also important for maintaining the 
physical integrity of scaffolds, although potentially requiring significant 
modification of printing parameters that may result in drastically increased 
requirements for 3D printing setup and sacrifice of printing accuracy. 3D printed 
Alg/Gel scaffolds with traditional 90° angle (cruciform) did not have horizontal 
pores inside the scaffold due to strand collapse and infusion (Figure 6-5 A-D), 
which not only reduces printing accuracy, but also limits flow and penetration of 







Figure 6-5 Characterization of cruciform 3D printed Alg scaffold. (A) Image of 
3D printed Alg scaffold with cruciform strand arrangement. (B, C) SEM images of 
3D printed Alg scaffold with cruciform strand arrangement and different inter-
strand distance. (D) SEM images of cross-sectional structure of stacked strands in 





In order to achieve structural reliability, four-way 3D printing method was applied 
by rearranging printing angles of strands: printed strands have a 45° angle 
clockwise to leading strands and every four-layered structure comprises duplicate 
layers (Figure 6-6 A). By using this method, the contact area between strands in 
adjacent layers was augmented compared with traditional 90° 3D printed scaffolds, 
which subsequently enhances construct stability (Figure 6-6 B). At the same time, 
a variety of interconnected pores with different pore size distribution were 
established throughout the four-way 3D printed scaffold, anticipated to be 
beneficial for tissue engineering application [21]. As shown in Figure 6-6 C-D and 
6-4 E, the four-way 3D printed scaffold has random pore sizes vertically, and 
maintained structural integrity and horizontal pores in both freeze-dried and 
hydrated states after the Gel component was dissolved. Horizontal pores inside the 
3D scaffold are foreseeably important for tissue engineering applications, where 
they are conducive to nutrient and gas transfer as well as in vivo vascularization 
[22]. 
 
6.3.3   Graphene coating 
3D RGO/Alg was prepared by coating GO onto 3D printed Alg scaffolds, followed 
by green reduction method to obtain 3D RGO/Alg scaffolds as described in the 
previous section. Figure 6-7 A demonstrates a 3D RGO/Alg scaffold with internal 
lumen and pores forming channel networks. SEM images at different 
magnifications confirm uniform coating of RGO on the 3D Alg scaffold and the 
integrity of interconnected lumens and pores in the 3D RGO/Alg scaffold (Figure 




μM to about 1000 μM, with many wrinkles apparent on the strands. All these 
geometric features are expected to be beneficial for tissue engineering by providing 
dwelling sites for cells and channels for nutrient and gas flow as well as possible in 
vivo vascularization.  
After coating with RGO, the elastic modulus of 3D RGO/Alg scaffold increased 
3.8 fold compared to 3D Alg scaffold. In addition, the scaffold was electrically 
conductive with a sheet resistance of about 1.5 kΩ/sq. ID/IG ratio of 3D RGO/Alg 
scaffold was 1.54 (Figure 6-7 E), demonstrating comparable quality of RGO with 
RGO synthesized directly even after the 3D fabrication process.  
 
 
Figure 6-6 Analysis of 3D printing strategy. (A) Schematic fabrication process of 
four-way 3D printed Alg/Gel scaffold. (B) Top view of 3D model for four layer 3D 
printed Alg/Gel scaffold at different magnifications. (C) Photomicrograph of top 
view of freeze-dried four-way 3D Alg scaffold. (D) SEM image of the cross-




















Figure 6-7 Characterization of 3D RGO/Alg scaffold. (A) Photomicrograph of 
RGO/Alg scaffold. (B-D) SEM images of 3D RGO/Alg at different magnifications. 




6.3.4   Cell culture and differentiation 
Calcein-AM and propidium iodide staining was used to evaluate the 
cytocompatibility of 3D RGO/Alg scaffolds. As shown in Figure 6-8 A-C, most of 
the cells cultured on 3D RGO/Alg scaffolds were viable after 7 days culture. It is 
worth mentioning here that even cells that were seeded on the top of the scaffolds 
initially led to the scaffolds being completely covered by cells eventually, 




Figure 6-8 Cell viability and adhesion on the 3D RGO/Alg scaffold. Fluorescence 
microscope images of Live/Dead staining for ADSCs seeded 3D RGO/Alg 
scaffolds from (A) rear view, (B) top view and (C) cross-sectional view following 
7 days culture.  
 
As indicated by Figure 6-9, cells were observed to attach to the scaffold surface 
with extensive filopodia 1 day after seeding. Taken together, the observations 












Figure 6-9 SEM images of ADSCs on 3D RGO/Alg scaffold surface after 1 day 
culture. A typical cell is identified by the yellow circle. 
 
As shown in Figure 6-10, cells were aligned with the wrinkled features of the 3D 
RGO/Alg scaffold lumen (Figure 6-7 B-C and Figure 6-9). Topographically 
induced alignment of cells can be determined by mechano-transductive signaling, 
involving integrin receptor mediated intracellular forces and cytoskeletal 
organization [23]. In turn, spatial alignment of cells can result in traction forces to 
further direct expression of fusion markers and fusion behaviours [24]. Therefore, 
manipulation of stem cell behaviour can be achieved by subtly adjusting geometric 







Figure 6-10 Fluorescence microscope images of Live/Dead staining showing cell 
alignment on the scaffold influenced by localized geometric factors for cell-seeded 
3D RGO/Alg scaffolds following 7 days culture. 
 
Cell proliferation on both 3D and 2D scaffolds was assessed by PrestoBlue® assay. 
Graphene-cellulose (G-C) paper, which was prepared in accordance to the previous 
method described in Chapter 4, was used for control cell support to compare cell 
proliferation behaviour on 2D planar scaffold verses 3D scaffolds. During the test, 
3D Alg scaffolds dissolved in culture medium after day 7 of culture, providing a 
null result. Statistical analysis indicated that both cell supporting structure (F (2, 
60) = 161.75, P < 0.0001) and day (F (3, 60) = 86.44, P < 0.0001) have significant 
effect on cell proliferation, as well as the interaction of cell supporting structure 
and day (Overall two-way ANOVA, F (6, 60) = 31.56, P < 0.0001). Specifically, 
Bonferroni post hoc analysis indicated that the number of cells on the 3D scaffolds 
was significantly higher than on the 2D cell support from day 3 till day 21, while 
cell numbers of day 7 on 3D RGO/Alg scaffolds were significantly higher than all 
the other comparisons (P < 0.01; Figure 6-11). This phenomenon was consistent 
with our previous finding that the 3D construct can better support cell proliferation 




and 2D G-C paper peaked on day 7, while for the 3D Alg scaffold it peaked on day 
3. The cell number decrease after day 7 may be due to a decrosslinking effect of 
the Alg scaffold in both 3D scaffolds. The peak value for 3D RGO/Alg scaffold 
was about 20% and 85% higher than that of 3D Alg scaffold and 2D G-C paper, 
respectively. Therefore, the 3D RGO/Alg scaffold presently described was more 
durable and able to better sustain cell growth in a cell culture environment 







Figure 6-11 ADSC proliferation on 3D RGO/Alg scaffold. Cell proliferation on 
different 3D scaffolds and 2D graphene-cellulose paper (control) indicated by 
average percentage increase of fluorescence intensity (relative to day 3 average 
value of 3D RGO/Alg samples) over time. Mean ± standard deviation, n = 3, P < 
0.01 (3D RGO/Alg day 7 vs all the comparisons; 3D Alg day 3 vs 3D Alg day 7; 
3D Alg day 3 vs 2D G-C paper day 3, day 7, day 14 and day 21; 2D G-C paper day 





Mineral deposition on different structures during osteogenic differentiation of 
ADSCs was visualized by Alizarin Red S staining, and more mineral deposition 
can be observed on 3D scaffolds than on 2D structures (Figure 6-12 A-D). 
Statistical analysis revealed there was a significant effect of cell support (F (1, 
20) = 301.21, P < 0.0001) and culture medium (F (1, 20) = 56.45, P < 0.0001), but 
not the interaction between cell support and culture medium (Overall two-way 
ANOVA, F (1, 20) = 6.27, P = 0.021). Particularly, Bonferroni-post hoc analysis 
and quantification of stained mineral deposition revealed that mineral deposition 
on 3D RGO/Alg scaffold in DF medium was significantly higher than all the 
comparisons (P < 0.01; Figure 6-12 E). This result is consistent with previous 
reports for osteogenic induction of stem cells on 3D graphene scaffolds [17, 25]. 
Notably, acid in DF medium can de-crosslink 3D Alg scaffold (totally dissolved 
after day 3), but RGO coated 3D Alg scaffold can last more than 3 weeks, which is 
important for the use of Alg based scaffolds towards osteogenic differentiation. 
Osteogenic lineage induction effect of 3D architecture and graphene substrate on 
ADSCs was determined by accessing alkaline phosphatase (ALP: an important 
osteogenic differentiation marker) expression at different time points (Figure 6-
13). Statistical analysis revealed there was a significant effect of cell support (F (2, 
45) = 267.86, P < 0.0001) and day (F (2, 45) = 21.00, P < 0.0001), as well as the 
interaction between cell support and day (Overall two-way ANOVA, F (4, 45) = 
49.21, P < 0.0001). Particularly, Bonferroni-post hoc analysis revealed that ALP 
expression of ADSCs on 3D RGO/Alg scaffold on day 14 was significantly higher 
than all the comparisons, while ALP expression of ADSCs on all the 3D scaffolds 
was significantly different compared to the one on 2D RGO substrate (P < 0.01). 




day 14 (Figure 6-13). The peak value of ALP expression on 3D graphene scaffold 
was 5 times that of 2D G-C paper, suggesting an inductive effect of 3D architecture 
on osteogenic differentiation of stem cells. Due to the de-crosslinking effect of DF 
medium, 3D Alg scaffolds were completely dissolved by day 7, resulting in no data 














Figure 6-12 Mineral deposition of differentiated ADSCs on 3D RGO/Alg scaffold. 
Mineral deposition of ADSCs cultured in DF medium on (A) 3D RGO/Alg 
scaffolds and (C) 2D G-C paper, while in GR medium on (B) 3D RGO/Alg 
scaffolds and (D) 2D G-C paper for 3 weeks, which was stained by Alizarin Red S. 
(E) Quantification of stained mineral deposition, and results are shown as Mean ± 
standard deviation, n = 3, P < 0.01 (3D RGO/Alg DF medium vs all the 












Figure 6-13 ALP activity of ADSCs on 3D RGO/Alg scaffold. Comparison of ALP 
expression in 3D and 2D structures at different time points. Mean ± standard 
deviation, n = 3, P < 0.01 (3D RGO/Alg day 14 vs all the comparisons; 2D RGO 
days 3, 7 and 14 vs all the 3D comparisons). 
 
All in all, ADSCs favoured the environment on 3D construct for its resemblance of 
native extracellular matrix, and showed improved cell activity compared with the 
ones on 2D substrate. After RGO coating, 3D Alg scaffold exhibited improved 
stability in cell culture environment, with possibility for potential application in 
electrical stimulation. Taken the print-on-demand capability of 3D printing into 
consideration, the 3D RGO/Alg can find a wide application in biomedical fields. 
 
6.4   Conclusion 
In summary, 3D RGO/Alg scaffolds were produced by combining modern 3D 




printing was utilized to fabricate 3D Alg based scaffolds without collapse and 
infusion, modified by simple coating method to form 3D conductive graphene 
scaffolds with well-maintained lumen and porosity. Coating of 3D Alg scaffold 
with RGO increased its mechanical strength and cell affinity, concomitantly 
endowing it with electrical conductivity for future potential 3D ES in tissue 
engineering. The as-fabricated 3D RGO/Alg scaffolds showed better support of 
growth and osteogenic differentiation of ADSCs than 2D graphene structures, in 
support of their use for bone regeneration both in vitro and in vivo. Furthermore, 
the presently described work supports the development of a new 3D graphene-
based structure that could potentially be applied for engineering a variety of tissues 
for both research and clinical translation.  
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Development of a portable 3D graphene-only based electrical 
stimulation device for bone regeneration promotion 
 
7.1   Introduction 
Most graphene-based structures in bone tissue engineering are applied as 2D 
substrates and the intrinsic electrical conductivity of graphene has not been 
exploited [1]. Traditional 3D graphene scaffolds are generally fabricated through 
freeze-drying, salt leaching, fiber spinning or chemical vapor deposition (CVD) [2], 
with each method having both limitations and advantages. Especially for graphene 
hydrogel composites, the above-mentioned methods have limitations over the 
controllability of scaffold parameters, including porosity, interconnectivity, and 
dimensions. 3D printing of graphene is a potentially good option for fabricating 3D 
graphene scaffolds, enabling more control over structure parameters. However, 
direct 3D printing of pure graphene is difficult due to its intrinsic poor printability 
at low concentrations with high concentrations difficult to attain [3]. Combination 
with other 3D printable polymers can increase the printability of graphene with low 
weight ratio, but results in deterioration of its physico-chemical property [4, 5]. 
Therefore, a new 3D graphene fabrication technique that can take advantage of 3D 
printing while maintaining the important intrinsic properties of graphene will be 
useful for its application in various areas, including tissue engineering.    
Applying knowledge gained from developing the previously described graphene-
based structures and electrical stimulation, this chapter describes an efficient 
fabrication strategy for a final and novel, portable, and compact 3D graphene-only 




differentiation. In this chapter, previously developed graphene-cellulose (G-C) 
paper and 3D graphene/alginate (RGO/Alg) scaffold were assembled as the main 
stem cell support and electrical signal delivery platform, i.e. 3D ES component, 
with GO as glue to minimize the contact electrical resistance at the interface. 
Importantly, the device was manufactured by integrating a 3D ES component with 
a commercially available cell culture chamber and enables programmable electrical 
signal input for expediency and versatility in laboratory-based tissue engineering.  
 
7.2   Experimental 
7.2.1   Reagents and materials 
G-C paper and 3D RGO/Alg scaffold were fabricated according to previously 
reported methods, and relevant materials for structure fabrication were listed in the 
corresponding part of Chapters 4 and 6. Copper tape with adhesive backing and 
clear RTV silicone adhesive sealant were bought from ProSciTech (Australia) and 
Permatex (USA) respectively. Nunc® Lab-Tek® II chambered cover-glass 
(polystyrene), β-glycerophosphate, dexamethasone and L-ascorbic acid-2-
phosphate were bought from Sigma-Aldrich (USA). Human ADSCs were bought 
from Lonza Corporation (Australia). Methanol and acetic acid were bought from 
Chem-Supply (Australia). Foetal bovine serum (FBS), non-essential amino acids 
(NEAA) solution, Gibco Dulbecco’s Modified Eagle Medium (DMEM), penicillin, 
streptomycin, basic fibroblast growth factor (bFGF), PrestoBlue®, propidium 
iodide (PI) and calcein AM were bought from Thermo Fisher (Australia).  
 
7.2.2   Preparation of 3D graphene-based electrical stimulation component  




described in the Experimental sections of Chapters 4 and 6. Briefly, cellulose tissue 
paper (Kimberly-Clark, Australia) with a size of 0.5 cm × 2 cm was tailored by 
laser engraver (ULS PLS6MWLaser Engraver) and 10 μl 4.5 mg/ml GO aqueous 
dispersion was uniformly deposited onto it with 2 min heating on a 100 °C hotplate. 
The coating and heating process of the paper substrate was repeated for 3 times 
totally.  
3D Alg/Gel scaffold (10 mm × 10 mm × 2 mm) was fabricated layer-wise by a 3D 
Bioplotter (EnvisionTEC GmbH, Germany) using 2%/3% Alg/Gel ink with a 200 
μm diameter nozzle (Nordson EFD, USA). 2% w/w CaCl2 aqueous solution was 
applied for 3D printed Alg/Gel scaffold cross-linking (10 min) with subsequent Gel 
component being dissolved in copious amounts of hot water (80 °C, 3 hr). 10 μl 4.5 
mg/ml GO solution was deposited onto the obtained 3D Alg scaffold with flipping 
and squeezing several times to assist uniform deposition of GO throughout the 
construct.  
As shown in Figure 7-1, two 3D GO/Alg scaffold were put onto the top of two 
pieces of GO-cellulose paper and aligned in the middle horizontally with an 
intersection of 0.25 cm on one side of each paper. Between the two 3D scaffolds 
was a paper with a size of 0.5 cm × 1 cm and intersection of 0.25 cm. 5 μl 4.5 mg/ml 
GO solution was deposited onto the intersection areas between 3D and 2D 
structures as adhesive reagent. Then the obtained combined structure of 2D and 3D 
GO based scaffolds, i.e. 3D ES component, was dried overnight at ambient 
















Figure 7-1 Schematic fabrication process of 3D ES component. 
 
7.2.3   Assembly of 3D graphene-based electrical stimulation device 
Assembly of the 3D ES device is depicted in Figure 7-2. 3D ES components were 
centrally aligned between a glass slide (Sail Brand, China) and polystyrene 
chambers with silicone adhesive sealant applied for adhesion. Multiple 3D ES 
components were connected by copper tape with adhesive backing on both sides 









Figure 7-2 Schematic fabrication process of 3D ES device. 
 
7.2.4   Proliferation of cells with 3D electrical stimulation 
ADSCs were cultured in 3D ES device with initial cell seeding density of 5 x 104 
cells per cm2 in GR medium. Symmetric biphasic square pulses stimulation 
(1 V/cm, 1 Hz, 200 ms) was initiated the next day after cell seeding for 1 h per day 
over 7 days. Culture medium was refreshed every two days during the cell culture 
period and cell proliferation was determined in triplicate by PrestoBlue® cell 
viability reagent on 1, 3, 5 and 7 days following the manufacturer`s protocol. 
Fluorescence intensity of the samples was evaluated in a microplate reader 
(POLARstar Omega, Germany) (λex = 544 nm; λem = 590-10) 
 
7.2.5   Differentiation of cells with 3D electrical stimulation 
Osteogenic differentiation of ADSCs was induced in ADSC differentiation medium 
(DF medium) containing 10 mM β-glycerophosphate, 50 μM L-ascorbic acid-2-
phosphate and 10 nM dexamethasone [6]. ADSCs were seeded onto ES device 




cell density of 5 x 104 cells per cm2. Culture media were refreshed every two days. 
Following one day pre-culture, the 3D ES device was subjected to symmetric 
biphasic square pulses stimulation (1 V/cm, 1 Hz, 200 ms) for 1 h per day 
throughout the cell culture period, while control samples were prepared without ES 
treatment. Cells on scaffolds were fixed in 3.7% paraformaldehyde PBS solution 
on the final day of cell culture for 10 min, followed by staining in 0.6% Alizarin 
Red-S solution (pH 4.2) for 20 min in the dark at room temperature. Alizarin Red-
S solution was then removed and stained samples were washed by Milli-Q water 
with further dye extraction in 20% methanol and 10% acetic acid solution 
(extraction solution) for 30 min. Then, 50 μl of extracted dye solution of each 
sample was diluted into 200 μl by blank extraction solution and transferred into a 
96-well plate for absorbance measurement using a microplate reader (POLARstar 
Omega, Germany) at 405 nm. 
 
7.2.6   Alkaline phosphatase assay for osteogenic differentiated cells with 
electrical stimulation 
ADSCs were seeded in the ES device with a cell density of 1.1 x 105 cells per cm2 
and bathed in ADSC osteogenic differentiation medium (DF medium) and GR 
medium correspondingly. Symmetric biphasic square pulses (1 V/cm, 1 Hz, 
200 ms) were initiated the second day after cell seeding, while there was no ES 
applied for the control samples. During the cell culture process, corresponding 
culture medium was changed every 2 days. Intracellular alkaline phosphatase 
(ALP) activity in cells was measured by using ALP activity assay (BioVision, 
USA) on days 1, 3 and 7 during the cell culture process. Procedure in brief: 300 μl 




°C. Then, 0.5 mM phosphatase substrate solution was mixed with the obtained ALP 
containing lysis solution with a reaction time of 30 min at 25 °C with light proofing. 
The fluorometric resultant solution was read in a microplate reader (POLARstar 
Omega, Germany) at 360 (ex)/440 (em) nm. 
 
7.2.7   Statistical analysis 
Data are represented as mean ± standard deviations (SD) unless otherwise 
indicated. Results of two-way ANOVA with Bonferroni multiple comparison post 
hoc test was employed to find out significant factors leading to the difference in the 
experiments. Homogeneity of variance tests (Levene`s Test) were performed to 
confirm statistical assumptions for two-way ANOVA were satisfied. If 
homogeneity of variance was satisfied (P > 0.05), statistical significance of two-
way ANOVA was set at P < 0.05. If homogeneity of variance was not satisfied 
(P < 0.05), statistical significance of two-way ANOVA was set at P < 0.01. 
OriginPro software was used for graphing and statistical analyses. 
 
7.3   Results and discussion 
7.3.1   Material characterization 
The GO coating procedure introduced in this study was efficient, whereby GO can 
be uniformly deposited onto the surface of 3D printed Alg scaffold via 1-time 
coating (Figure 7-3 A, B). With increased coating time, more GO was deposited 
on the surface and the obtained 3D GO/Alg scaffolds showed darker appearance 







Figure 7-3 Scaffold characterization of (A) 1 time, (C) 2 times, (D) 3 times, (E) 4 
times and (F) 5 times GO coated Alg scaffold. (B) Inner structure of 1 time coated 
3D GO/Alg scaffold. 
 
Structure and morphology of 3D RGO/Alg scaffolds were investigated by SEM 
(Figure 7-4 A-E). The RGO was uniformly deposited on the scaffolds after 
chemical reduction, indicating the efficiency of the graphene coating process 
(Figure 7-4 A-E). The influence of RGO coating time on electrical conductivity of 
3D RGO/Alg scaffold was investigated by measuring the sheet resistance of the 3D 
scaffold with different RGO coating times. With increased coating time of RGO, 
3D RGO/Alg scaffolds showed increased electrical conductivity, which may be 
attributed to the accumulated RGO coating bridging interrupted conductive 
pathways (Figure 7-4 F). More specifically, the 1 time RGO coated scaffolds had 
a sheet resistance of ~1460 Ω/sq, while the 5 times coated scaffolds produced an 
87% lower sheet resistance (~190 Ω/sq) and more wrinkled features on the surface. 
These findings support various potential applications of the 3D graphene scaffold 




times coated scaffold was chosen for subsequent experiments.  
Figure 7-4 Structure and morphology characterization of (A) 1 time, (B) 2 times, 
(C) 3 times, (D) 4 times and (E) 5 times RGO coated 3D RGO/Alg scaffold. (F) 
Relationship between sheet resistance and RGO coating time of 3D RGO/Alg 
scaffolds 
 
7.3.2   Electrode electrochemical characterisation 
The electrochemical performance of the 3D graphene-based electrode was 
characterized and compared with that of a 2D graphene-based electrode and gold 
electrode. Cyclic voltammetry was used to assess electrode charge storage capacity 
and EIS was employed to assess the electrode’s capability to cope with interference. 
As shown in Figure 7-5 A, the 3D RGO/Alg electrode showed lower charge storage 
capacity (0.584 mC/cm2) compared to 2D G-C paper electrode (1.060 mC/cm2), 
while higher than for the gold electrode (0.565 mC/cm2). In the EIS testing, the 3D 
RGO/Alg electrode showed higher impedance compared to 2D G-C paper electrode 




at low frequencies (0.1-30 Hz) (Figure 7-5 B). The complicated internal structure 
of the 3D graphene scaffold may deteriorate charge storage and transfer capacities, 
although still comparable to the gold electrode. The EIS result for the 3D RGO/Alg 
electrode showed stable EIS performance and robust structure integrity after 
stability testing (Figure 7-5 C, D). Overall, the 3D RGO/Alg electrode possessed 
superior electrochemical properties and stability, suitable for 3D ES. 
Figure 7-5 Electrochemical characterization of 3D graphene electrode. (A) Cyclic 
voltammogram and (B) EIS result of gold, G-C paper and 3D RGO/Alg electrodes. 






7.3.3   Electrical stimulation device characterization 
The ES component was fabricated following the protocol described in the 
Experimental section, with the design of the component customizable for different 
applications (Figure 7-6 A). The ES component could serve as a conductive 
connection in the circuit to switch on a LED bulb, indicating that graphene gluing 
on the interface between G-C paper and 3D RGO/Alg scaffold was robust and 
conductive (Figure 7-6 B). GO dispersion applied on the interface can act as glue 
and conductive connection (after chemical reduction) because of the flexible planar 
nature of graphene, allowing for close and conformal contact on surfaces with 
various morphologies [7]. A component consisting of two 3D RGO/Alg scaffolds 
and three G-C paper ribbons was applied for ES device fabrication, which can be 
used towards simultaneous 3D cell support and ES (Figure 7-6 C, D).  
Figure 7-6 (A) ES component made of G-C paper and 3D RGO/Alg scaffold with 
graphene serving as glue on the interface. (B) ES component can serve as an 
electrical connector to switch on a LED lamp. (C) ES device component ready for 





7.3.4   Cell viability under long-term electrical stimulation 
Cytocompatibility of the 3D ES component under long-term ES was investigated 
by assessing ADSC viability. High cell viability was indicated by Live/Dead assay 
following 21 days culture with ES (Figure 7-7). The supporting 3D ES component 
remained intact and conductive after 21 day ES treatment, indicating the suitability 









Figure 7-7 Fluorescent image of cells on ES component under long-term ES in the 
3D ES device after 21 days culture.  
 
7.3.5   Cell proliferation with 3D electrical stimulation 
Exogenous ES applied during cell culture can accelerate cell proliferation by 
altering the cell transmembrane potential and relevant intracellular signalling 
pathways [8]. As shown in Figure 7-8, proliferation of cells cultured on 3D 
RGO/Alg scaffolds with ES treatment (3D ES) increased more rapidly compared 
with samples without ES treatment (3D Non ES). Especially on day 7, intensity of 
samples with ES was 0.5 fold higher than that of samples without ES, indicating 




showed that both day (F (3, 40) = 615.65, P < 0.0001) and ES (F (1, 40) = 437.61, 
P < 0.0001) have significant effect on proliferation of ADSCs, along with the 
interaction between day and ES (F (3, 40) = 118.79, P < 0.0001). Moreover, 
Bonferroni-post hoc analysis showed that proliferation of ADSCs was significantly 
affected by ES (P < 0.01). All these results indicate beneficial effect of 3D ES in 








Figure 7-8 ADSC proliferation on 3D RGO/Alg scaffold with ES. Cell 
proliferation quantified by PrestoBlue® assay on 3D scaffold with or without ES. 
Mean ± standard deviation, n=3, P < 0.01 (3D ES day 7 vs all comparisons; 3D ES 
day 5 vs all comparisons except for 3D ES day 7; 3D ES day 3 vs 3D ES day 1; 3D 
Non ES day 5 vs 3D Non ES day 3 and day 1; 3D Non ES day 3 vs 3D Non ES day 
1). 
 
7.3.6   Mineral deposition of stem cells with 3D electrical stimulation 
Extracellular mineral deposition, as a key indicator for osteogenesis of stem cells, 




the effect of 3D ES on stem cell osteogenic differentiation (Figure 7-9 A-E) [9]. 
Statistical analysis showed that both culture medium (F (1, 20) = 7.35, P < 0.05) 
and ES (F (1, 20) = 25.69, P < 0.05) have significant effect on extracellular mineral 
deposition of ADSCs, along with the interaction between culture medium and ES 
(F (1, 20) = 5.26, P < 0.05). As shown in Figure 7-9 A, cells on the 3D RGO/Alg 
scaffolds in the same culture medium with ES (3D RGO/Alg + DF/GR + ES) 
showed higher mineral deposition than samples without ES (3D RGO/Alg + 
DF/GR + Non ES), especially for cells in GR medium the difference is statistically 
significant (P < 0.05), proving the role of ES in enhancing osteogenic 
differentiation of ADSCs. As reported before, graphene and 3D architecture can 
both accelerate stem cell osteogenic differentiation without the need for additional 
inducers. As such, intensive mineral deposition on the 3D RGO/Alg scaffolds with 
or without ES was observed (Figure 7-9 B-E) [10]. Moreover, all 3D ES devices 
remained intact and conductive after 21 days cell culture and ES, promising for 
















Figure 7-9 Mineral deposition of differentiated ADSCs on 3D RGO/Alg scaffold 
with ES. (A) Quantification of mineralization by Alizarin Red S staining for 
ADSCs differentiated in growth (GR) medium or osteogenic differentiation (DF) 
medium on 3D scaffolds with or without ES for 3 weeks. Mean ± standard 
deviation, n=3, P < 0.05 (3D RGO/Alg + GR + ES vs 3D RGO/Alg + GR + Non 
ES). Digital images of stained mineral deposition on 3D RGO/Alg scaffold with 
ES in (B) DF medium and (C) GR medium, without ES in (D) DF medium and (E) 





7.3.7   Alkaline phosphatase expression of stem cells with 3D electrical 
stimulation 
As an early osteogenesis marker [11], ALP expression decreased with time and 
ALP expression of cells cultured on 3D RGO/Alg scaffolds in DF medium with 
ES was 1.4 fold higher than cells in DF medium without ES and in GR medium 
with ES (3D RGO/Alg + GR + ES) on day 7 (Figure 7-10). On day 3, ALP 
expression of 3D RGO/Alg + GR + ES was 1.39 fold higher than 3D RGO/Alg + 
DF + Non ES (Figure 7-10), indicating ES induced osteogenic differentiation of 
ADSCs [12]. Statistical analysis showed that both day (F (2, 30) = 27.66, P < 
0.0001) and ES (F (1, 30) = 28.55, P < 0.0001) have significant effect on ALP 
activity of ADSCs, but not the interaction between day and ES (F (2, 30) = 2.00, P 
= 0.153). Moreover, Bonferroni-post hoc analysis showed highest ALP activity 
associated with 3D RGO/Alg scaffolds on day 1 in DF medium with ES treatment 
(3D RGO/Alg + DF + ES), being statistically significant in all instances except for 
3D RGO/Alg scaffolds on day 1 in DF medium without ES (3D RGO/Alg + DF + 
Non ES) (Figure 7-10). These results are similar to mineral deposition, 
additionally confirming the role of ES in augmentation of osteogenic 












Figure 7-10 ALP activity of ADSCs on 3D RGO/Alg scaffold with ES. ALP 
activity upregulation of ADSCs on 3D RGO/Alg in DF medium with or without 
ES, and in GR medium with ES over 7 days of culture. Mean ± standard deviation, 
n=3, P < 0.05 (3D RGO/Alg + DF + ES day 1 vs all comparisons except 3D 
RGO/Alg + DF + Non ES day 1; 3D RGO/Alg + DF + ES day 7 vs 3D RGO/Alg 
+ GR+ ES day 7 and 3D RGO/Alg + DF + Non ES day 7; 3D RGO/Alg + GR + 
ES day 7 vs 3D RGO/Alg + GR + ES day 1 and day 3; 3D RGO/Alg + DF + Non 
ES day 1 vs 3D RGO/Alg + DF + Non ES day 3 and day 7). 
 
7.4   Conclusion 
Data presented supports the fabrication of a miniaturized, multi-chamber all 
graphene-based 3D ES device. Studies showed that the as-developed ES device can 
support 3D stem cell culture with high cell viability while simultaneously 
delivering 3D ES. Proliferation and osteogenic differentiation of stem cells can be 
enhanced with 3D ES without compromising the integrity and electrical 




important improvement for graphene-based stem cell support and ES in tissue 
engineering. The 3D graphene-based ES component, as a key part in the 3D ES 
device, can be assembled easily by using previously developed G-C paper and 3D 
RGO/Alg scaffolds with GO as the glue on the interfaces; maintaining electrical 
conductivity of the component without the need for toxic conductive glue, like 
silver glue. Overall, the as-fabricated device shows promise for both in vitro and 
clinical tissue engineering applications.  
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Chapter 8  
Conclusions and outlook 
 
8.1   Conclusions  
This thesis is focused on the development of graphene-based structures, especially 
3D graphene-based scaffolds, and their application for human stem cell support and 
differentiation for tissue engineering. A series of 3D graphene-based structures 
(3DGBS) were fabricated using various techniques and applied as stem cell 
supporting platforms in regard to stem cell fate manipulation. Some of the 
developed graphene-based structures were integrated into 2D/3D electrical 
stimulation (ES) devices to investigate 2D/3D ES influence through graphene on 
stem cell fate. Graphene-based structure development strategy, structure 
morphology, physicochemical property and stem cell behaviour on the structures 
have been systematically elucidated via experimental and theoretical analysis.  
Since the discovery of graphene, it has attracted tremendous attention for its 
exceptional electrical, thermal, and mechanical properties. In the field of 
biomedical research, 3D macroscale graphene scaffolds have significant potential 
for tissue engineering and implantable device development applications. Prevailing 
methods of 3D graphene scaffold fabrication mainly rely on chemical vapour 
deposition (CVD) or freeze-drying techniques, which will either require 
complicated facilities or result in fragile constructs that are not amenable to large 
scale production [1, 2]. An efficient approach is reported in this thesis, which is 
applied towards porous, durable and biocompatible 3D graphene scaffold 
fabrication, comprising porous PDMS scaffold coated with reduced graphene oxide 




mechanical strength. Material porosity varied from 10 - 600 μm, enabling nutrient 
and oxygen transport through the scaffold. The scaffold was able to support adipose 
derived stem cell (ADSC) growth and differentiation towards osteogenic lineage, 
which was enhanced compared to planar graphene culture. The scaffold may be 
amenable for in vitro and in vivo bone tissue regeneration and engineering other 
tissues, as an easy to handle and biocompatible platform for research and translation. 
Smart or dynamic (i.e. stimuli-responsive) biomaterials present advanced platforms 
for both ex vivo tissue engineering and implantable devices for regenerative 
medicine. Electrically-responsive graphene-based materials represent a new and 
versatile class of materials that have great potential in a wide range of biomedical 
research and translational applications. From a clinical standpoint, it is essential 
that these next-generation materials are produced using non-toxic and non-
hazardous methods and have predictable properties and reliable performance under 
variable physiological conditions, especially when used with a cellular component. 
In this thesis, such a biomaterial has been developed, namely conductive graphene-
cellulose (G-C) paper and its suitability for human stem cell and tissue support, 
verified by ADSC culture and differentiation towards bone tissue engineering. 
Different from previous methods for graphene-based paper fabrication [3, 4], 
commercially available cellulose tissue was employed as a scaffold for immersion-
deposition of graphene oxide (GO) and subsequent green reduction to RGO. 
Resultant G-C papers have good electrical conductivity (up to ~300 ohm/sq), 
cytocompatibility and enhanced mechanical strength (76.5 %) compared to 
uncoated cellulose tissue (pristine paper). ADSCs showed enhanced proliferation 
and osteogenic differentiation on the G-C paper compared to pristine paper. 




isotropic orientation of component cellulose fibres, but influenced by patterning of 
micro-hole structures in the paper. Importantly, G-C papers can be configured to 
form 3D graphene-based scaffolds by lamination with ADSCs encapsulated in 
alginate and folded or rolled into bulky graphene bio-scaffolds, showing potential 
for 3D bionic applications. The as-developed G-C paper can support planar stem 
cell growth and osteogenic differentiation, and has the potential to be applied for 
more complex 3D electroactive-construct fabrication towards functional 
tissue/organ engineering. 
Current “gold standard” approaches in orthopaedic surgery are unable to meet the 
growing demand for bone implants due to rapid population aging globally. The 
urgent need for bone grafts is driving the development of new bone tissue 
engineering approaches. Graphene-based materials have attracted enormous 
interest towards osteogenic restoration or reconstruction in bone tissue engineering 
due to the extraordinarily versatile properties of graphene. Meanwhile, biophysical 
stimulating factors, especially ES factor, can facilitate osteogenic regeneration via 
upregulation of extracellular matrix (ECM) protein synthesis and enhancement of 
cellular repair [5]. However, current widely used electrodes for ES are mostly 
metal-based, suffering from being corrosive and high destructive voltage due to 
their very low electrical resistance. Here we report combining an anti-corrosive 
conductive graphene structure and ES to address the challenges for bone 
regeneration. To achieve this, an efficient, miniaturized 2D G-C paper-based ES 
device for bone tissue engineering was fabricated utilising a previously developed 
conductive G-C paper. Coupling the electrical stimulating signals with graphene’s 
intrinsic properties, the device can significantly enhance the proliferation and 




delivered through a graphene-based structure for bone regeneration. 
A further development of graphene as a platform for bioengineering to introduce 
3D printing technique to fabricate customized and replicable 3DGBS. Bringing 
together 3D printing and stem cell technology is a promising approach to establish 
customized, transplantable, autologous implants by using the patient`s own cells 
for individual customization and transplantation. Graphene, as a “2D wonder 
material”, is significant in various research areas and has shown great potential for 
its excellent performance in bionics in part due to exceptional physicochemical 
properties. Demonstrated here, an alginate (Alg) based 3D porous scaffold was 
fabricated by 3D printing via an efficient deposition method during the printing 
process, which can ensure attainment of a robust inner structure of 3D printed 
alginate. After removal of the gelatin (another main component in the gel bio-ink), 
the as-fabricated 3D Alg scaffold was then coated with GO and further chemically 
reduced with biocompatible reductant (L-ascorbic acid) to acquire improved cell 
affinity and electrical conductivity. The 3D RGO/Alg scaffold has good 
cytocompatibility and can better support ADSC proliferation and osteogenic 
differentiation over a long period of time than pristine 3D Alg scaffold and 2D 
graphene structure. Overall, the 3D RGO/Alg is a promising scaffold for tissue 
engineering in vitro, and can potentially serve as a conductive 3D platform for ES 
of stem cells due to its good electrical conductivity and well interconnected 
structures. 
ES can be applied as an effective, non-invasive treatment in the clinical 
environment towards bone defect healing and osteogenesis promotion, which may 
ease the osteogenic health crisis exacerbated by worldwide aging and obesity. 




developed by utilizing previously developed conductive G-C paper and 3D 
RGO/Alg scaffold with GO as glue at the interface to afford the key cell supporting 
component structure, and then assembling the component structure with a 
commercially available cell culture chamber. This method is flexible by adjusting 
the graphene component structure for different purposes. The device can deliver 
electrical signals while supporting human stem cell growth and differentiation. 
Positive effects on stem cell behavior of 3D ES have been shown in support of a 
viable platform for 3D ES in both research and clinical trials. 
 
8.2   Outlook 
The outstanding properties of graphene have attracted extensive investigation 
towards various applications, although there remains much work to be done in the 
tissue engineering area. To the latter end, comprehensive and systematic 
investigation of graphene structures in vitro and in vivo are required prior to clinical 
trials. Understanding the cellular and molecular interactions between stem cells and 
their differentiated progeny with graphene will guide further development of 
graphene-based structure development towards optimal cell support. 
Notwithstanding, a major ongoing concern for the future bio-application of 
graphene is the longer-term behaviour of graphene in vivo, including both on- and 
off-target negative effects, extending to unwanted cytotoxicity, genotoxicity and 
biodegradability. Moreover, in vivo distribution of graphene, accumulation and 
excretion issues toned to be addressed before clinical application.   
Graphene can be fabricated into different forms for tissue engineering application, 
both in 2D and 3D. 3D graphene scaffolds can better mimic the natural cell niche 




of advanced fabrication approaches with more controllability over 3D graphene 
scaffold details to accentuate specific cellular response for tissue regeneration. 
Scaffold and porosity is of paramount importance with micro-channels necessary 
for nutrient and gas penetration and favouring blood vessel regeneration. While 
current techniques cannot precisely generate microchannels resembling in vivo 
vessel network or function, a 3D graphene fabrication technique with high 
resolution will undoubtedly help to attain this goal. 
Additionally, in order to improve the capacity for stem- and lineage-specific cell 
support, graphene can be functionalized for enhanced biological and 
physicochemical properties. Functionalized graphene-based substrates can achieve 
increased cell/biomolecule affinity, reduced toxicity and processability, rendering 
smart cell/tissue interfaces. Additionally, greater effort is required to explicitly 
design structures that influence specific cell behaviours or tissue/organ 
regeneration processes. 
Direct bio-stimulation aside, graphene has also shown great promise in biosensing 
and drug delivery applications. Graphene-based cell supporting platforms with the 
capacity for in-situ monitoring and drug release will be useful for simultaneous 
diagnostics and therapy [6].  
Overall, with advanced fabrication techniques, graphene-based structures can 
reasonably be expected to play an important role in all aspects of human health care 
in the future.  
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